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CHAPTER 1 INTRODUCTION
This dissertation aims to develop and understand electrochemical processes to assemble
quantum dots (QDs) into porous networks. QD assemblies will be prepared using two new
methods: oxidative electrochemical gelation (OE-gelation) and metal-mediated electrogelation
(ME-gelation). Material properties, mechanisms, and applications of the two gelation techniques
will be discussed in detail.
OE-gelation is a process that assembles QDs through controlled oxidation of the particle
surface. Electrochemistry and surface characterization techniques will be used to study the
gelation kinetics under different potentials and establish the OE-gelation mechanism. Further
testing such as surface area and pore size analysis, powder x-ray diffraction (PXRD),
transmission electron microscopic imaging (TEM), and optical characterization will be carried out
to characterize the properties of the electrochemically prepared gel or electrogel. Furthermore,
the ability to extend the gelation to different types of metal chalcogenide QDs will be
demonstrated. OE-gelation will also be tested for one-step fabrication of CdS xerogel sensors for
NO2 gas sensing to demonstrate the practicality of the OE-gelation method. The sensing
performance of the CdS gel will be evaluated by a standard gas sensing test protocol in a
laboratory setup and will be understood by theoretical modeling.
While OE-gelation offers its unique advantages in applications that require efficient
electronic communication between QDs, such as chemiresistive gas sensing, the dichalcogenide
linkages in the OE-gel are not stable in a reducing environment, limiting the OE-gel conditions
under which they can be deployed. In addition, the formed OE-gel does not follow the electrode
shape as the gel grows uncontrollably in all directions. ME-gelation addresses the two limitations
of OE-gelation by in-situ generating of metal ions (e.g., Ni2+, Co2+, Ag+, or Zn2+) to crosslink QDs
via metal-ligand bonding. The ME-gel's structure and connectivity will be studied using TEM and
inductively coupled plasma mass spectrometer (ICP-MS) analysis. Gel growth will be examined
by varying the electrochemical parameters, such as electrode potential and the charge consumed
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during electrochemical oxidation. Finally, the ME-gelation method will be tested for patterning QD
gels onto a printed circuit board with a predetermined electrode shape.
Last, the competition between the two QD electrogelation mechanisms will be studied
under electrode potentials where both gelation mechanisms are active. Elemental compositions
and QD connectivity in such systems will be analyzed to identify the dominating gelation pathway.
Different hypotheses will be proposed and tested using electroanalytical and material
characterization techniques to determine the underlying mechanism.

1.1

Nanoparticle Research
Nanomaterials have one or more dimensions at the nanometer scale (nm, 1,000,000,000

nm = 1 m), typically between 1-100 nm. Nanoparticle research has attracted much attention in
the last few decades, but the history of nanoparticles dates back to over a century ago.1 In
February 1857, during his Bakerian Lecture of the Royal Society, Michael Faraday delivered his
finding on the interaction of light with metal nanoparticles and demonstrated the synthesis of Au
nanoparticles starting from a gold salt.1-4 This has been considered to be the birth of nanoscience.
Rapid evolution in the field occurred in recent decades due to the emergence of new
characterization techniques such as electron microscopy.5 Precise control over the size and
shape of nanoparticles has been achieved via the advancement in the synthesis, purification, and
modification methods of nanomaterials.6-10 More recently, the research focus of nanomaterials
has been shifted to their applications, mostly catalysis and sensing, due to their high surface area
and surface energy compared to their bulk counterparts.11-13 Metallic nanoparticles such as Cu,14
Pt,15 Pd,16 Ni2P,17 MoS2,18 and alloys19-20 are often tested for catalytic activity,21and many of them
have demonstrated higher selectivity, lower energy consumption, lower operating temperature,
higher product yields, and easier catalyst separation than conventional homogeneous catalysts.22
Semi-conductive nanomaterials such as PbS,23-24 MoS225, ZnO,26 WO3,27 CdS,28 and PbCdSe29
are tested for gas sensing. Magnetic nanoparticles such as Fe,30 FePt,31 FeP,32 MnP33 CoFe2O4,
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and MnFe2O434 are widely studied for their magnetic properties and tested for applications in MRI
imaging, data storage, catalysis, and therapy.35-38

1.2

Semiconductors
Michael Faraday not only started the era of nanoscience but also discovered the first

semiconductor effect in 1833.39 Semiconductors are widely used in various electronic devices,
including diodes, transistors, and integrated circuits. The number of transistors per device
increased rapidly during the last five decades, and billions of transistors are in a single mobile
phone today.40 Semiconductors have an intermediate conductivity between insulators and
conductors, which can be explained using their band structure shown in Scheme 1.1.41 Bands
appear due to overlapping a massive number of atomic or molecular orbitals that constitute the
bulk.
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Scheme 1.1 Energy band diagrams for (a) insulator, (b) semiconductor, and (c) conductor.
The valence band, as its name implies, contains the outer shell valence electrons of the
element. In other words, it results from the overlap of the highest occupied orbitals in the solid.
The upper energy level to the valence band is called the conduction band, which is generated by
the overlap of the lowest unoccupied orbitals. The bandgap (Eg) is the separation between the
conduction band and valence band, where the electron presence is forbidden. To show any
conductivity, electrons must be present in the conduction band. Due to the large Eg in the
insulators (~ 9 eV, Scheme 1.1a), valence band electrons cannot reach the conduction band. In
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conductors (Scheme 1.1c), the conduction band and the valence band overlap, and electrons are
distributed in both bands. Electrons in the conduction band can flow in the solid to transfer
electricity.
As shown in Scheme 1.1b, semiconductors have a small Eg (e.g., ~ 1 eV for Si) due to
their electronic structure. Electrons in the valence band can be excited to the conduction band by
an external stimulus such as heat, light, or electric field. Therefore, semiconductors offer
controllability over the electronic properties of a material using external handles. When a
semiconductor is illuminated with light with higher photon energy than the bandgap energy, some
electrons will be excited to the conduction band from the valence band, leaving vacancies in the
valence band ( known as “holes”). The photo-generated hole and electron are considered as a
pair (i.e., an exciton). The distance between the electron and hole is called “the exciton Bohr
radius”. Because of the attractive Coulombic forces between the electron and hole of an exciton,
the electron can drop back to the valence band and recombine with a hole while emitting the
energy, called the electron-hole recombination. The energy released during this process is close
to the bandgap value. If the energy is emitted in the form of a photon (radiative recombination),
the material can be useful in applications such as light-emitting diodes. Non-radiative electronhole recombination can release the energy as heat or vibrational energy, which is usually caused
by surface defects and may reduce original luminescence strength.42

1.3

Quantum Dots
QDs are nanometer-scale clusters of semiconductors.43 As early as the 1980s,

researchers have observed the size dependence of absorption spectra of QDs and started
studying this phenomenon since then.44-45 The theoretical investigations successfully explained
the observed quantum size effect, which provided the basis for the rapid development in QD
research.46 Eg is a fixed value for bulk semiconductors and depends on the material composition
and structure. However, for QDs with sufficiently small sizes (typically below ~20 nm), Eg becomes
a function of particle size.42 More specifically, the value of Eg will increase as the size decreases,
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enabling the same type of material to own a range of optical and electronic properties.47 This
phenomenon occurs because of the tight spatial confinement of the particle (i.e., particle size)
below the exciton Bohr radius, limiting the electron excitation compared to the bulk, which is also
known as quantum confinement. Because the number of atoms in such a small particle is small,
the band structure in valence and conduction bands becomes discrete, widening the gap between
the highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO)
(Scheme 1.2a).42 The quantum confinement can be achieved on one or more dimensions of a
material. If quantum confinement is on only one dimension, the material is identified as a quantum
well. If a material is confined in 2 or 3 dimensions, it is called a quantum wire or a QD.48 It is worth
noting that quantum confinement is stronger in QDs than quantum wires or wells, as
demonstrated by prior experimental and theoretical studies.49-50
Along with advancements in understanding the quantum confinement of QDs, there has
also been significant progress in developing QD synthetic methods. Many synthetic methods have
been designed and implemented,51-56 including molecular beam epitaxy, electrodeposition, hot
injection, microwave-assisted synthesis, and cluster-assisted synthesis. Among them, the hot
injection methods are particularly popular for synthesizing QDs with controlled shape and size.57
Reaction parameters such as reactant concentration, reaction time, temperature, and capping
agents were adjusted in the hot injection synthesis to obtain QDs with desired size, shape,
crystalline structure, and surface functionality.51, 58-59 In hot injection synthesis, temporally discrete
nucleation followed by a controlled growth is the key to achieving monodisperse QDs. Discrete
nucleation is accomplished by rapidly introducing a high anion precursor concentration above the
nucleation threshold to a hot metal precursor solution in a non-polar ligand medium. Sudden short
nucleation occurs in the reaction mixture to relax the supersaturation condition. However, no
further nucleation would occur afterward due to the lack of supersaturation to overcome the
nucleation energy barrier. Instead, Oswald ripening, a process in which the smaller particles
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dissolve whereas larger nanoparticles grow more, steps in to dictate the following QD growth after
the initial nucleation.55, 60-61
Surface ligands are a crucial parameter in QD synthesis and act primarily as stabilizing
agents, providing colloidal stability and stopping agglomeration. Surface ligands can be divided
into three categories depending on their stabilization strategy: steric stabilizers, electrostatic
stabilizers, and hybrid stabilizers.62-64 In polar solvents, nanoparticles can be charge-stabilized.
Particles that come close to each other repel because of electrostatic interactions to prevent
agglomeration. The most common organic electrostatic stabilizers used in the colloidal synthesis
are sodium citrate, mercaptopropionic acid (MPA), thioglycolic acid (TGA), and 5-mercaptomethyl
tetrazole. Recently, inorganic ligands like halogen ions, transition metal complexes, and metal
chalcogenide clusters found applications as electrostatic stabilizers. However, nanoparticles are
typically stabilized sterically in nonpolar solvents. In this case, a shell of organic molecules
surrounding each nanoparticle prevents the touching of the nanoparticle surfaces and the
subsequent agglomeration. Common steric stabilizers are trioctylphosphine, trioctylphosphine
oxide (TOPO), oleic acid, oleylamine, 1-dodecanthiol, and polymers such as polyvinyl alcohol or
polyvinylpyrrolidone. Of course, there are also hybrid stabilizers that are both charged and have
long alkyl chains, such as cetyltrimethylammonium bromide (CTAB), mercaptoundecanoic acid
(MUA), thiolated single-stranded DNA (ssDNA), and polydiallyldimethylammonium chloride
(PDDA). For QD synthesis, TOPO is a standard surface ligand for organometallic-type synthetic
routes. Due to its high boiling point, TOPO allows reactions to proceed routinely at 350 °C,
facilitating precursor decomposition and nanoparticle annealing, which are unavailable using
aqueous-based synthetic routes. Also, the long alkyl chains of TOPO impart high solubility in
organic solvents to QDs, allowing QDs to be manipulated like an organic reagent.
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Scheme 1.2 (a) Fully passivated QD without mid-gap electronic states. (b) Partially passivated
QD with mid-gap trap states. Adopted from Wanger and Kumari.65-66

At a deeper level, the electronic structure of the passivating ligands contributes to the QDs’
overall electronic and optical profile, blocking surface states and affecting emission yields. An
example is the CdTe/thiol system, where the energy levels of the thiol inhibit hole trapping, and
the resulting material is highly luminescent without the need for further inorganic shells or
prolonged processing.67 However, partially passivated QDs can result in higher exposure of
surface defects leading to mid-gap electronic states (Scheme 1.2a and b).65-66These intermediate
electronic states are also known as trap states as they can trap electrons or holes by reducing
the measured bandgap value.68

1.4

Quantum Dot Assemblies
Even though QDs demonstrate unique size-dependent optoelectronic properties,

individual QDs are often required to be assembled before being used in solid-state devices. Three
common methods to achieve QD self-assemblies are controlled solvent evaporation, layer-bylayer deposition, and electrophoretic deposition. During controlled solvent evaporation, QDs are
brought proximity, inducing electrostatic and Van der Waal forces between them. These
interactions can result in long-range ordered assemblies of QDs on a surface, often called
superlattices because they show ordered packing like in single crystals. This method enables the
synthesis of multicomponent superlattices with a controlled stoichiometry of different QDs69 and
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ordered, short-range, 3-D structures using QDs with different functionalities, shapes, and sizes.7071

Layer-by-layer assembly is also capable of making multi-component QD but as thin films.
The method was formerly used to make thin films of polymer composites72 and was recently
adapted to deposit various nanoparticles on a substrate.73-74 In this method, a polyelectrolyte (a
molecule that gives multiple charges in a polar solvent) layer is first electrostatically attached to a
charged substrate. Then, an oppositely charged layer of QDs is attached to the first polyelectrolyte
layer. The depositions of polyelectrolyte and QDs are alternated and repeated until the desired
film thickness is reached.75 Complex multicomponent structures can be conveniently prepared as
the assembly takes place one layer at a time. The surrounding organic matrix protects QDs, so
the quantum confinement properties of QDs are well retained.
Electrophoretic deposition is a technique that directly assembles QDs onto an electrode
from a colloidal QD solution. A high electrode potential (~200 V) is applied at an electrode
immersed in a diluted QD dispersion for several hours during electrophoretic deposition.76-78
Driven by such a strong electric field, QDs migrate towards the electrode and deposit on its
surface, forming a compact film of QDs as thick as several micrometers.79-80 The method allows
adjustable film thickness by tuning the applied potential and deposition time but sacrifices the high
surface area of QDs due to the tight QD packing in the film.
For the three methods described above, organic ligands on the QD surface are largely
retained during the assembly process, keeping QDs separated from each other, so the
synthesized QD assemblies are not ideal for applications that require good electronic
communications between individual QDs.81 Exchange of long-chain organic ligands on the QD
surface with shorter ones such as 1,2-ethanedithiol improves particles' electronic coupling and
charge mobility to a certain extent.82-83 However, direct bonding between QDs by removing
intervening ligands would truly eliminate the discussed issue.
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In 2004, the Brock group reported the oxidative assembly of metal chalcogenide QDs into
QD gels, macroscale 3-D connected pore-matter nanoarchitectures that remain quantum
confined and in which each QD is electrically wired.85-86 This assembly approach involves
chemical oxidation of thiolate capped QDs to a partial ligand removal (irreversible ligand removal),
followed by oxidative QD crosslinking due to the formation of interparticle dichalcogenide bonds.
This methodology applies to a range of metal chalcogenides, including ZnS, CdS, CdSe, and
PbS.85, 87-90 First, thiolate capped QDs are treated with a selected oxidant (ex: H2O2, TNM, and
hν/O2), to convert thiolate to a radical (RS- to RS·, Scheme 1.3). Next, alkylthiyl radicals combine
to form disulfides (RS· to RS–SR). As an oxidant, O2 is not strong enough to carry out the reaction
without the energy provided from the light at the beginning, while TNM and H2O2 can do the
oxidation in the dark. The kinetics of the transformation of QD dispersion to a solvent-filled
polymeric gel network depends on the oxidation efficiency of the reagents and the quality of QD
capping. For example, strict passivation of the QD surface makes the penetration of oxidant into
the surface ligands challenging to oxidatively remove the surface ligands so the colloidal solution
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will remain stable and no gelation would take place. In contrast, when the oxidant is too active
and many ligands can be oxidized at once, the colloidal solution would be transformed into a
precipitate.
QDs have been used to fabricate various solid-state devices, including field-effect
transistors (FETs), Photoresistors, light-emitting diodes, gas sensors, and solar cells.28-29, 81, 91 For
example, colloidal QD solids are incorporated as the semiconductor channel layer in thin-film
FETs. The gate electrode in FET is used to electrostatically alter the Fermi energy level, resulting
in a change of the conductance and the majority carrier population in the QD thin-film channel
that bridges the source and drain electrodes. To date, semiconductors from II-VI, III-V, or IV-VI
have been employed in fabricating high-mobility colloidal QD FETs. High current modulation was
observed for n-type FETs from wider bandgap II-VI and III-V semiconductors.92-95 Narrower
bandgap IV-VI QDs such as lead chalcogenides can be doped n-type or p-type but only give a
low current modulation.96 Research has proved the feasibility of using QD FETs as the building
blocks in integrated circuits with many transistors connected on-chip.97-98 Parts in the FET device
such as gate dielectric layer, metallic source, drain electrodes, and semiconductor channel can
also be constructed from QDs, promising the solution-phase circuit fabrication.99
Light detection applications of QDs are based on their light-responsive property:
conductivity changes after absorbing photons. QD-based photodetectors utilize the tunability of
the band-edge of QDs to achieve a suitably chosen spectral cutoff energy, minimizing dark current
to give a desired spectral response.

1.5

Electrochemistry in Quantum Dot Research
Electrochemistry studies the relationship between electricity and a chemical system.

Unlike conventional chemical systems, electrochemical systems are not homogeneous systems.
In many cases, a solid electrode is immersed in a liquid electrolyte solution to carry out the
electrochemical reaction or measurement, as illustrated in Scheme 1.4a. Note that the charges
in the electrode due to the applied electrode potential accumulate on the electrode surface
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according to Gauss' law. The total charge on the electrode surface (QM) is equal to the total charge
in the electrolyte side at the electrode's vicinity (QS) but with the opposite sign, written as QM =
−QS.

Scheme 1.4 Electrode-electrolyte interface. (a) Different regions of an electrode-electrolyte
interface. (b) Electrical double-layer structure. Adopted from Bard.100
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Electrical Double Layer
The charge separation at the electrode-electrolyte interface leads to the formation of the
electrical double layer. The closest layer to the electrode contains solvent molecules and
sometimes other ions or molecules specifically adsorbed on the electrode surface (Scheme 1.4b),
often referred to as the Stern or Helmholtz layer. There are two important planes in the Stern
layer: the inner Helmholtz plane (IHP, locus of the electrical centers of the specifically adsorbed
ions) and the outer Helmholtz plane (OHP, locus of centers of nearest solvated ions). Ions in OHP
are solvated and can only access the edge of the IHP. Because these ions interact with the
electrode via long-range electrostatic forces, they form a three-dimensional distribution in solution
due to thermal motion, known as the diffuse layer. Starting from the OHP, the diffuse layer extends
into the solution until the electrostatic forces diminish, and the ionic concentration in the solution
determines its thickness (increasing ionic concentration decreases the thickness of the diffuse
layer).

Faradaic and Nonfaradaic Processes
There are two types of electrochemical processes. Processes that involve electron
transfer across the electrode/solution interface are Faradaic processes, as they follow Faraday’s
law (i.e., the amount of chemical reaction caused by the flow of current is proportional to the
amount of electricity passed). Processes like surface adsorption and desorption change the
metal-solution interface structure as the potential or the solution composition varies. Current may
flow in the system without passing charges across the interface due to interface modifications or
solution composition. Such processes do not follow Faraday’s law and, therefore, are nonfaradaic
processes. It should be noted that both faradaic and nonfaradaic processes can occur when an
electrode reaction takes place.
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Electrochemical experimental setup

Figure 1.1 Three-electrode setup used for electrochemical measurements. a, Schematic
representation of a three-electrode system. WE: working electrode, RE: reference electrode, CE:
counter electrode. b, A photograph of the three-electrode setup used in this research.
Electrochemical measurements are typically carried out in a three-electrode setup (Figure
1.1a). The three electrodes represent the working electrode, counter electrode, and reference
electrode. The working electrode carries out the electrochemical event of interest. A potentiostat
is used to control the applied potential of the working electrode relative to the reference electrode
potential. Because the electrochemical event of interest occurs at the working electrode surface,
the electrode surface must be extremely clean, and its surface area is well-defined. A reference
electrode has a known and stable equilibrium potential, used as a reference point against which
the potential of other electrodes can be measured in an electrochemical cell. A few commonly
used reference electrode assemblies include saturated calomel electrode, standard hydrogen
electrode, and AgCl/Ag electrode. These reference electrodes are generally separated from the
solution by a porous frit.The purpose of the counter electrode is to complete the electrical circuit.
Current is recorded as electrons flow between the working and counter electrodes. To ensure that
the kinetics of the reaction occurring at the counter electrode does not inhibit those occurring at
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the working electrode, the surface area of the counter electrode is usually greater than the surface
area of the working electrode. A platinum wire or disk is typically used as a counter electrode,
though carbon-based counter electrodes are also available. The three-electrode setup used in
this research is shown in Figure 1.1b. Metal wires were employed as working and counter
electrodes. An Ag/AgCl/Sat. KCl was used as a reference electrode.

Electrochemistry of Quantum Dots
There are four basic types of charge-transfer processes involving QDs:101 (i) electron
introduction to a neutral QD (Scheme 1.5a), (ii) electron removal from a neutral QD (or hole
injection, Scheme 1.5b), (iii) simultaneous introduction of a hole and an electron in two noninteracting QDs (which is similar to removal an electron from one QD and placing it into an
identical QD, Scheme 1.5c), and (iv) excitation of an electron within the particle by generating an
electron-hole inside the QD (Scheme 1.5d), (similar to optical excitation). The quasi-particle gap
is the energy required to produce a non-interacting electron-hole pair (Scheme 1.5c). This gap
corresponds to the electrochemical band gap (ΔEel), which indicates the energy difference
between the first reduction and first oxidation processes of a QD. Hence, these values can, in
principle, be determined from electrochemical experiments. Spectroscopy can be used to
measure the optical band gap (ΔEop, corresponding to the process in Scheme 1.5d) and is
related to ΔEel by Eq 1.1.

E op = ΔE el − J eh (Eq 1.1)
where Jeh is the total Coulomb interaction energy of the electron-hole pair. Hence, for a given QD,
the electrochemical energy gap is expected to be larger than the optical energy gap. However, it
is worth noting that Eq 1.1 can relate electrochemical measurements to spectroscopic
observations and extract the material's band structure information, only when the QD quality is
ideal.102
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Scheme 1.5 Types of electron transfer processes in QDs. (a) Addition of an electron to the LUMO.
(b) Taking an electron from HOMO. (c) Transfer of a HOMO electron of one QD to the LUMO of
another QD. (d) Excitation of a HOMO electron to its LUMO. Adopted from Amelia.103

Due to the unsaturated valences and dangling bonds, the crystal surface of a QD is
inherently defective. Crystal lattice imperfections, impurities present, and undesired surface
reactions (with humidity or oxygen) can introduce defects to the crystal surface. Surface defects
can act as reducing or oxidizing centers by trapping holes or electrons.104 Electrochemical
methods mainly probe material surface while spectroscopic measurements probe the core of the
QD (Scheme 1.6).105-106 Therefore, trap states significantly affect the electrochemical responses,
opening the opportunity to study the QD surface nature and collect information about passivation
quality or defects using electrochemical techniques.107-108
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Scheme 1.6 Differences in optical spectroscopic and electrochemical techniques for QD analysis.
Electrochemical methods probe the surface of a QD, while spectroscopic methods probe the core
of the QD. Adopted from Amelia.103
Electrochemical measurements can be performed by depositing a thin layer of QDs onto
an electrode surface or dipping the cleaned electrode in a QD dispersion. Each method has its
advantages and disadvantages, so a suitable method can be selected depending on the aim of
the study. Deposited films provide a strong electrochemical signal, making it more popular among
the two techniques. However, it accompanies some drawbacks. A deposited film can undergo
chemical changes during electrochemical measurements and degrade due to the electron transfer
processes. Additionally, the film may not fully represent the behavior of isolated particles due to
the aggregation of QDs on the electrode.
Measurements in solutions often lack signal sensitivity because QD concentration in
colloidal QD solutions is typically low (at the μM level). Differential pulse voltammetry can partially
address this low-sensitivity issue in the solution phase measurements because it can suppress
the electrochemical background signal. Figure 1.2 shows the differential pulse voltammograms
of three sets of n-decanethiol-coated CdSe QDs with diameters of 2.1 (a and d), 2.3 (b and e),
and 2.5 nm (c and f).109 An irreversible reduction at -1.07, -1.20, and -1.26 V and irreversible
oxidation at +1.16, +0.82, and +0.68 V vs. Ag/AgCl (3 M KCl) was observed for the QDs in
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increasing order of diameters. The ΔEel values were calculated to be 2.24, 2.03, and 1.94 eV,
decreasing with increasing particle diameter as expected. However, the electrochemical
bandgaps determined in this study remain ~0.5 eV smaller than the optical bandgap, showing a
discrepancy with Eq. 1.1. This may be due to the presence of surface defects that act as local
trap states for charges. The irreversible nature of the reactions can be due to the decomposition
of the QDs after the charge injection.

Figure 1.2 Differential pulse voltammograms of 2.1 (a and d), 2.3 (b and e), and 2.5 nm (c and f)
n-decanethiol capped CdSe QDs in THF at 20 °C (0.1 M tetrabutylammonium
hexafluorophosphate electrolyte, scan rate 20 mV s-1). Reprinted with permission from
Impellizzeri, S.; Monaco, S.; Yildiz, I.; Amelia, M.; Credi, A.; Raymo, F. M. Structural Implications
on the Electrochemical and Spectroscopic Signature of CdSe-ZnS Core−Shell QDs. J. Phys.
Chem. C 2010, 114 (15), 7007-7013. Copyright 2010 American Chemical Society.
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chemiluminescence or electrochemiluminescence (ECL) of QDs has also been widely
investigated. ECL can be defined as the emission of light resulting from electronically excited
states formed in homogeneous electron transfer reactions.100, 110 Active precursors involved in
such homogeneous electron transfers are obtained from heterogeneous electron transfer
processes at the electrode/electrolyte interface. For example, a potential sweep between positive
and negative directions can generate oxidized and reduced QDs separately. When these QDs
come together, electron transfer happens between them, releasing their energy in the form of
light. Another method for generating ECL is to use a co-reactant (e.g., K2S2O8). Specifically,
K2S2O8 is reduced to unstable SO4 ●− which can inject holes to QDs in reduced form, emitting light
due to the fast electron-hole recombination that has taken place. ECL spectra were found to have
similar emission bands as the photoluminescence spectra. ECL of QDs is used in developing
sensors for biologically important molecules.111-115

1.6

Thesis Statement
Benefiting from the recent advancements of QD synthetic techniques that enable the fine

control of QD size, shape, surface chemistry, and assembly, the use of QDs has become
technologically feasible, and thus, gained economic value in the global market. In 2013, the global
QD market reported a $316 million revenue, with optoelectronics, quantum optics, renewable
energy, and healthcare applications being sectors with the highest demand.116 This research aims
to address the need to design new QD assembly techniques with industrial and large-scale
applicability.
This dissertation has the following four aims: (1) To develop an electrochemical technique
to assemble QDs into porous networks oxidatively; (2) To investigate the ability to induce QD
assemblies using electrochemically generated metal-crosslinkers; (3) To understand the
properties of electrochemical gels and explore their potential applications; and (4) To reveal the
competition between oxidative and metal-mediated gelation pathways.
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The electrochemical oxidative gelation method (OE-gelation) was inspired by the previous
demonstration of chemical oxidation of thiolate-capped QDs to form QD gels.85-86 We
hypothesized that the chemical oxidation steps could be completed using a metal electrode
dipped in a QD dispersion with an anodic potential applied. Because connecting QD assemblies
to an electrode surface is a requirement for building electronic devices such as solar cells,
electrogelation of QDs into gels enables the direct attachment of QDs to an active electrode.
Electrochemical QD gelation also offers better control over the gelation process than conventional
chemical methods by introducing the tunability of electrooxidation power. (Aim 1)
While OE-gelation offers its unique advantages for applications such as gas sensing, it
has some limitations for their use. OE-gels are unstable in reducing conditions as their disulfide
bonds can be converted back to sulfides. Also, the formed gel does not retain the electrode's
shape as the gel can grow in any direction. An alternate approach has been reported to make QD
gels stable in redox environments by crosslinking the surface ligands with a linker ion or
molecule.117-119 This approach uses coordinate bonds between Lewis acidic metal cationic linkers
and Lewis basic groups on surface-capping ligands. Inspired by these studies, we investigated
the feasibility of in-situ electrogenerating metal ions in a QD dispersion to form metal-ioncrosslinked QD gels. (Aim 2)
The purpose of developing new gelation methods is to make macro-scale materials that
preserve QD properties. We characterized the crystallinity, surface area, microscopic structure,
elemental composition, and optical properties to test if the synthesized gels have the expected
properties. The gelation mechanisms were revealed based on the electrochemical, kinetics study,
and material characterization data. Electrochemically prepared QD gels were tested for suitable
applications depending on their properties. (Aim 3)
Finally, we studied electrochemical gelation conditions in which both gelation pathways
are active to understand their possible competition. (Aim 4)
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CHAPTER 2 EXPERIMENTAL METHODS
2.1

Chemicals and Materials
Tetrabutylammonium hexafluorophosphate [TBAPF6, 98%], Trioctylphosphine oxide

[TOPO, 99%] bis(trimethylsilyl)sulfide (TMS), 1-tetradecylphosphonic acid (TDPA), selenium
powder [Se, 99.99%], thioglycolic acid (TGA), 11-mercaptoundecanoic acid (MUA) and
tetramethylammonium hydroxide (TMAH) were purchased from Sigma-Aldrich; trioctylphosphine
[TOP > 85%], and cadmium oxide [CdO, 99.99%] were purchased from Strem chemicals;
OmniTrace nitric acid [HNO3, 67−71%] was purchased from Millipore Sigma; nickel sulfate 6hydrate [NiSO4·6H2O, 99.7%] powder was purchased from Mallinckrodt chemicals; Ni(II) chloride
hexahydrate [NiCl2·6H2O, 99%] was purchased from Avantor chemicals; ethylenediamine tetraacetic acid, disodium salt dihydrate [Na2EDTA, >99%] was purchased from Fisher Scientific
chemicals; Ni wire [0.25 mm diameter, 99.98%], Co wire [0.25 mm diameter, 99.995%], and Pt
wire [0.25 mm diameter, 99.99%] were purchased from Alfa-Aesar; Ag wire [0.010″ diameter,
99.99%] was purchased from A-M Systems; and deionized water [DI, PURELAB, 18.2 MΩ·cm,
TOC < 3 ppb] was used to clean the electrodes and prepare aqueous solutions.

2.2

Synthesis and Capping of Semiconductor QDs
CdS, CdSe, and ZnS QD synthesis procedures for the research work explained in chapter

3 were carried out by collaborating graduate student Karunamuni Lakmini Silva in the Brock Lab
at Wayne State University. CdS and CdSe QDs used for electrogelation experiments explained
in Chapters 4 and 5 were synthesized by me in a setup developed with the help of Mrs. Silva in
Luo Lab at Wayne State University. Similar synthesis protocols were followed for synthesis carried
out in two locations.

Synthesis of CdS QDs
A mixture of TOPO (3.0 g, 7.8 mmol), CdO (0.06 g, 0.47 mmol), and TDPA (0.23 g, 0.83
mmol) were added into 100 mL Schlenk flask. After connecting the flask to the active vacuum, it
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was heated to 150 ⁰C and maintained for 20 minutes under stirring to liquify. The vacuum was
disconnected after 20 minutes, and gradually a slow, continuous Ar flow was established through
the system. The temperature was increased to 350 ºC and maintained until the flask's content
became colorless (60 – 90 minutes). The temperature was then reduced to 320 ⁰C, and a 2 mL
aliquot of TOP (stored and measured in the glovebox) was injected. Next, the temperature was
raised to 370 ºC, and when the temperature was reached, a mixture of 2.4 mL TOP and 90 μL
TMS was injected. After maintaining the reaction mixture at 370 ⁰C for 15 minutes, the
temperature was reduced to 75 ºC, and the Ar purge was stopped. After 18 hours under static Ar,
the flask was removed from the Schlenk line connection, and the content in the flask was
transferred into a 50 mL centrifuge vial using 15 mL of toluene. The vial was closed and sonicated
for 10 minutes. Then, the product mixture was centrifuged at 3000 rpm for 14 minutes. Insoluble
reactants and products were precipitated at this stage, and the supernatant was transferred to
another centrifuge vial into which methanol was added until the solution became cloudy/turbid.
The vial was centrifuged, and QDs were precipitated at this stage while soluble unreacted
reactants were left in the supernatant. The supernatant was discarded, and the precipitated QDs
were redispersed in toluene. After another 14 minutes of centrifugation to remove any insoluble
matter, the same purification steps were repeated one more time (sonication, precipitation using
methanol, centrifugation, and redispersion in toluene). All the steps were carried out while
minimizing exposure of the QDs to light. The purified QD solution was stored in the dark until the
ligand exchange.

Synthesis of CdSe QDs
In a Schlenk flask, 0.0254 g (0.2 mmol) CdO, 0.08 g TDPA, 4.0 g TOPO were combined.
Under stirring, and the mixture was degassed for 20 min under active vacuum at 150 ºC. The
vacuum was disconnected after 20 minutes, and gradually, a slow, continuous Ar flow was
established (a needle was introduced to the bubbler at the top septum). The temperature was
then increased to 330 ºC and maintained until the solution became colorless (60-90 minutes).
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Then the temperature was reduced back to 150 ºC, and a mixture of 0.02 g (0.25 mmol) Se and
2.4 mL TOP solution was injected (Se and TOP mixture was sonicated for an hour before
injecting). Next, the temperature was increased to 250 ºC and maintained over 4 hours. After 4
hours of annealing time, the solution temperature was reduced to 75 °C, and the CdSe QD
solution was transferred into a 50 mL centrifuge vial and purified as described above (precipitation
using methanol and redispersion in toluene). All the steps were carried out while minimizing
exposure of the QDs to light. The purified QD solution was stored in the dark until the ligand
exchange.

Synthesis of ZnS QDs
Inside a Schlenk flask, 0.272 g (2 mmol) ZnCl2, 10 mL of oleylamine, and 2.3 g TOPO
were heated in a 100 mL Schlenk flask under Ar flow at 170 ⁰C for 1 hour. The temperature was
reduced to 150 ⁰C, and 0.192 g (6 mmol) S dissolved in 2.5 mL oleylamine solution was injected
(the S and oleylamine mixture was sonicated for 30 min before the injection). The temperature
was raised to 320 ⁰C and maintained for 1 hour. The QDs were purified using toluene (dispersion)
and ethanol (precipitation) and prepared for the ligand exchange, as described above for CdS
QDs.

Ligand Exchange with TGA and MUA
First, a TGA solution was prepared by adding TGA (138 μL, equivalent of 4 x moles CdO
used in the CdS synthesis) into 10 mL of methanol. Then, the pH was adjusted to 10 using TMAH.
The purified QD dispersion was mixed with the TGA solution and sonicated for 1 h in the dark.
The solution was removed, and ethyl acetate was added until cloudy. The mixture was centrifuged
for 10 minutes, and the supernatant containing unreacted TGA was discarded. QDs were
redispersed in methanol, and purification was repeated by precipitation and redispersion with
ethyl acetate and methanol, respectively. Ligand exchange with MUA followed a similar procedure
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as described above, only using an MUA solution prepared by dissolving 431 mg of MUA powder
in 10 mL methanol.

2.3

Electrode Cleaning
The working electrode used in the OE-gelation was a Pt wire. The wire was

electrochemically cleaned by running 50 cycles between 1.1 and −0.23 V in 0.5 M H2SO4 at 0.1
V/s. A clean Pt surface adsorbs and desorbs H+ upon potential scanning in the range of ~0.1 V to
-0.2 V (vs. Ag/AgCl), giving rise to a set of symmetrical peaks in the cyclic voltammogram (Figure
2.1).

Figure 2.1 Electrocleaning of Pt electrode by cycling the electrode potential between 1.1 and
−0.23 V in 0.5 M H2SO4 at 0.1 V/s for 50 cycles. Symmetrical anodic and cathodic peaks represent
the H+ adsorption/desorption on a Pt surface.
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2.4

Chemical Gelation
Chemical gels were prepared to compare their properties with electrochemically prepared

gels. All the chemical gelation procedures were carried out by collaborating graduate student
Karunamuni Lakmini Silva from Brock Lab at Wayne State University. Methods used for chemical
gelation will be mentioned for reference under each chapter.

2.5

Supercritical Drying of Wet Gels
Before supercritical drying, the wet gels were subjected to a prolonged solvent exchange

with acetone for 5 days. Each day the stored gel was taken out, and the solvent was exchanged
with a fresh aliquot of acetone twice. The purpose of the solvent exchange was to remove all the
methanol that was used as the solvent during electrochemical gelation. The aerogel was prepared
inside a 10 mL glass vial capped with a plastic cap with pinholes to let the liquid CO2 flow in and
the acetone flow out. The required amount of the stored wet gels was transferred into this vial and
filled to the top with acetone.
Supercritical drying was carried out using an SPI-DRY model CO2 critical point dryer (CPD)
connected to an ISOTEMP 10065 recirculating water bath. The 10 mL vial containing the wet gel
was placed inside the drying chamber of the CPD and filled with acetone. The chamber was
closed tightly, and liquid CO2 was allowed to flow into the chamber by opening the valve on the
top. After every 20 min, the liquid inside the chamber was replaced with a fresh portion of liquid
CO2. After 12 exchanges were completed (4 h), the temperature of the water circulator was raised
to 37 °C to reach the supercritical state of CO2. The chamber was kept under this condition for 1
h, and the pressure was slowly released throughout ∼30 min until it came to 1 atm.

2.6

Gel Characterization
Gel characterization in Chapter 3 was carried out with the equal contribution from our

collaborative graduate student Karunamuni Lakmini Silva at the Brock Lab at Wayne State
University and me. In Chapter 4, surface area analysis and infrared spectroscopy measurements
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were led by Mrs. Silva. EDTA dispersion test was carried out with similar contributions from Mrs.
Silva and me. In Chapter 5, surface area analysis and EDTA test were led by Mrs. Silva. In
addition, Mrs. Silva carried out a careful study on particle aggregation using dynamic light
scattering and chemical gel characterizations that are not included in this thesis.

UV-Visible Absorption Spectroscopy
JASCO V-570 UV/VIS/NIR spectrometer was used to collect the absorption pattern of
different QD solutions and assemblies. A quartz cuvette was used for the measurements. QDs
(in methanol) and gels (in methanol/toluene mixtures) were sonicated for 30 min before the
measurements to obtain a uniform dispersion.

Diffuse-Reflectance Spectroscopy
JASCO V-570 UV/VIS/NIR spectrometer is used to collect the reflectance data of the QD
powder samples. This is the same instrument used for UV-Visible spectroscopy measurements.
However, the sample chamber and the cuvette holder were replaced with an integrating sphere
and a powder sample holder before the diffuse reflectance measurements. The integrating sphere
is a spherical chamber with inner walls made from reflecting materials to point the diffuse
reflectance into the detector. Baseline correction was done using BaSO4 powder as the standard
material. QD gel samples were mixed with BaSO4 to dilute the samples before the measurements.

Transmission Electron Microscopy (TEM)
TEM and STEM images were obtained using JEOL 2010 and JEOL 3100R05 electron
microscopes. Formvar/Carbon-coated 200 mesh Cu grids (Ted Pella, USA) were used to prepare
TEM samples. TEM images were mainly used to observe the morphology and connectivity of QD
wet gels and aerogels prepared. About 1 mg of gel samples were mixed with 500 µL of methanol
and sonicated for 30 minutes. An aliquot of 20 µL was added to a Cu grid placed on a filter paper
and allowed to dry for about 2 hours before imaging. TEM images were also used to analyze the
particle size before and after the gelation. Average particle sizes were calculated after analyzing
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more than 100 particles in each case using ImageJ 1.51j8 software. A JEOL31100R05 Double
Cs Corrected S/TEM was used to obtain the HAADF-STEM images at 300 kV (collecting angle
59-200 mrad). EDS mapping of the TEM samples was carried out using a Thermo Fisher Scientific
Talos F200X S/TEM equipped with a Super-X EDS detector.

Scanning Electron Microscopy (SEM)
SEM images and the elemental map images were taken using a JEOL JSM-7600F field
mission scanning electron microscope. TGA-capped CdS ME-gel was grown on a Ni foil electrode
at 0.5 V for 1 h and dried in air to form a xerogel sample for SEM imaging and elemental mapping.

Powder X-ray Diffraction (PXRD)
PXRD is commonly used for phase identification, purity analysis, crystallite size, and
morphology identification in nanomaterial research. PXRD peaks broaden when the crystalline
size is reduced from bulk to nanoscale, as expressed by the Scherrer equation,
D=

Kλ
0.9 λ
=
β cos θ
β cos θ

where λ is the wavelength of the incident beam, θ is the diffraction angle in radians, K is Scherrer
constant (typically ~0.9), β is the peak width at half-height, and D is the crystalline size.120 The
value of λ is also a constant that depends on the type of laser used in the instrument.
PXRD data in this research were collected on a Bruker D2 Phaser instrument that uses
1.54 Å wavelength laser discharged by a Cu filament at 30 kV. The powder diffraction file (PDF)
database of the International Center for Diffraction Data was used to identify the patterns.

Surface area analysis
Gas adsorption and desorption of a dry material surface can be used to determine the
surface area and pore volume of that material.121-122 The surface atoms (absorbent) attract gas
molecules (absorbate) via weak van der Waals attraction or a chemical bond. Depending on the
nature of this interaction under controlled conditions, surface area and pore volume information
can be extracted.123 Gas adsorption testing instruments generally contain two main
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compartments: a degassing unit and a measurement unit. In a gas adsorption experiment, the
solid sample is first cleaned and dried by flushing a large amount of inert gas through it in the
degassing unit. Next, the weight of the sample is recorded and connected to the measurement
unit, which has a liquid nitrogen dewar to cool the samples constantly during the measurement.
Next, gas adsorbate is introduced to the sample stepwise, and the pressure is monitored. With
the adsorption of gas molecules, the sample pressure decreases, and the sample weight
increases. The pressure becomes constant when the surface is saturated. Adsorbed gas volume
at the constant temperature is calculated using the gas laws. Data are then fitted to a gas
adsorption model to find the surface area.
In this research, nitrogen physisorption isotherms were collected on a Micrometrics ASAP
2020 analyzer at 77 K to determine the surface area and the pore size distribution of the aerogel.
The aerogel samples were degassed for 14 h at 150 °C. The BET model and the Barrett−Joyner
− Halenda model were used to calculate the surface area and the pore size distributions,
respectively.

Photoluminescence (PL) Spectroscopy
Photoluminescence data presented in this thesis were collected using a JASCO FP-6500
spectrofluorometer. CdS QDs and gel samples were freshly synthesized, washed with methanol
three times, and stored in methanol in the dark. The UV/Vis spectra were obtained for both CdS
QDs and gel samples before the PL measurements. Both samples were diluted to obtain a
maximum absorbance around 0.5 using methanol in an Ar-filled centrifuge tube. The wavelength
of maximum absorbance (∼400 nm) was used for the excitation. The PL spectra were normalized
to the sample’s absorbance at an excitation wavelength of 400 nm.

X-ray Photoelectron Spectroscopy (XPS)
XPS characterization was performed using an Al K-alpha X-ray Photoelectron
Spectrometer (Thermo Scientific, K-alpha). XPS spectra were fitted by a composite function (30%
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Lorentzian + 70% Gaussian) using Avantage software. All the XPS spectra were calibrated by the
position of the C 1s peak at 284.8 eV.

Inductively Coupled Plasma Mass Spectroscopy (ICP-MS)
ICP-MS has become popular in elemental analysis due to its unmatched detection limit,
high accuracy, and simultaneous multielement analysis capability. High temperature in the
plasma (>8000 K) and inert Ar environment reduces the interference of impurities in the elemental
analysis compared to the atomic absorption methods.124 Sample pathway through the main
components of an ICP-MS instrument can be simplified as below. After the preparation and
appropriate dilution, samples are first introduced to the sample nebulizer. A piezoelectric oscillator
in the ultrasonic nebulizer unit and a solvent removing setup make a dry aerosol of analytes from
the sample, which is next sent to the high-temperature plasma to be atomized and ionized. Next,
the ions travel to a quadrupole mass separator to be separated and detected based on their
mass/charge ratios. The use of a mass spectrometer for detection offers a high sensitivity of ICPMS.124 A freshly prepared set of calibration standards is analyzed in every analysis to obtain a
calibration curve for quantifying the desired elements in a sample.125
ICP-MS analysis in this research was carried out using an Agilent 7700x series instrument
to determine Cd and Ni metal concentrations in the ME and MC-gel samples. Samples were
digested in concentrated nitric acid under sonication for 6 h. The samples were then diluted using
2% nitric acid to obtain concentrations in the calibration range (0.5−200 ppb).

Infrared Spectroscopy
Infrared spectroscopy data were obtained using a Bruker Tensor 27 FTIR
spectrophotometer. The QD gels were mixed with KBr to prepare pellets before getting the data.

Linear Sweep Voltammetry (LSV)
LSVs were collected using a CHI 650E potentiostat, with a 3 mm diameter glassy carbon
electrode as the working electrode, a Pt wire as the counter electrode, and an Ag/AgCl electrode
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in saturated KCl as the reference electrode. Glassy carbon electrodes were cleaned by polishing
with a series of alumina powders (0.1, 0.5, and 1 μm), and then sonicated and washed with a
large amount of DI water and methanol. After cleaning, carbon electrodes were dried with a
stream of nitrogen gas. A blank run was first performed using the clean glassy carbon electrode.
The CdS QD coated carbon electrode was prepared by drop-casting 24 μL of ~200 μM CdS QD
solution onto a clean carbon electrode. To prepare the CdS+C coated electrode, CdS QDs (~200
μM) were mixed with C powder to give a final concentration of 1 mg/mL for C. The mixture was
sonicated for 5 minutes to form a uniform ink, 24 μL of which was then drop-casted onto a clean
carbon electrode. Both CdS QDs and CdS+C coated electrodes were dried under a gentle N2
flow. The electrolyte solution was 10 mM tetrabutylammonium hexafluorophosphate in methanol
for all the experiments. The scan rate was 0.1 V/s.
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CHAPTER 3 OXIDATIVE ELECTROGELATION OF QUANTUM DOTS
Parts of this chapter were reprinted with permission from: Hewa-Rahinduwage, C. C.; Geng, X.;
Silva, K. L.; Niu, X.; Zhang, L.; Brock, S. L.; Luo, L., Reversible Electrochemical Gelation of Metal
Chalcogenide Quantum Dots. J. Am. Chem. Soc. 2020, 142 (28), 12207-12215. Copyright 2020
American Chemical Society

3.1

Introduction
Here we demonstrate a new approach to QD assembly, electrochemical gelation or

electrogelation, that produces macroscale 3-D connected pore-matter nanoarchitectures that
remain quantum confined and in which each QD is accessible to the ambient. As shown in Figure
3.1a for the case of CdS, this is achieved by electrochemical removal (oxidation) of surface-bound
thiolate ligand “protecting groups” as dithiolates and solvation of Cd ions, followed by oxidation of
exposed “core” chalcogenides to form interparticle dichalcogenide bonds (e.g., 2S2− − 2e → S22
for CdS QDs in Figure 3.1a). The redox-active nature of interparticle dichalcogenide bonds
enables electrochemical disassembly of the gel network by reducing the dichalcogenide bonds to
chalcogenides at negative potentials (Figure 3.1a). Importantly, the method is metal and
chalcogen agnostic, as revealed by successful translation to ZnS and CdSe QDs. We further
demonstrate that such gel structures can act as highly sensitive transducers, enabling detection
of NO2 with an unprecedented combination of a low limit of detection and rapid speed. The activity
originates from the unique surface structure (as probed by DFT calculations), charge transport
network, and the integrated pore-matter architecture of the QD gel. The approach is amenable to
compositional and surface tuning enabling optimization for device applications from sensing to
catalysis.
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3.2

Experimental Methods
Oxidative Electrogelation
TGA or MUA-capped QDs were also dispersed in methanol. Concentrations of CdS and

CdSe QDs were first estimated from analysis of UV-Vis absorption data using published
absorptivities and then adjusted to ~36 μM.126 For ZnS, the as-synthesized QD sample was first
dispersed in 8 mL of methanol. An aliquot of this dispersion was further diluted at 1:1 (v/v) with
methanol to obtain a clear enough solution for a better observation of gel formation.
Tetrabutylammonium hexafluorophosphate was later added to the QD solutions to obtain a final
concentration of 10 mM.
The WE and CE for the OE-gelation was a Pt wire. The wire was electropolished by
following the methods explained in Section 2.3. After electropolishing, the wire was washed with
plenty of water, next with methanol, and dried before immersed in the QD dispersion. The gelation
setup was always maintained under low light conditions. The required potential was applied using
a CHI 650E potentiostat after manually compensating the iR drop.

Chemical Gelation
Oxidatively assembled QD gels were also prepared by directly adding oxidizing agents to
the QD dispersions (chemgels). More specifically, chemgels were prepared by adding 20 μL of a
3% TNM in acetone solution to a 3 mL of freshly prepared TGA-capped CdS QDs dispersion in a
glass vial. The solution was shaken vigorously for 5 seconds to obtain a uniform mixture and
stored in the dark for one day to form a chemgel.

Gas Sensor Fabrication
Gas sensors were fabricated by direct electrogelation of CdS QDs onto a sensor substrate
(Figure 3.10). The sensor substrate is an electrical insulator made of a sintered alumina plate
with interdigitated Pt electrodes on one side. The distance between two neighboring Pt electrodes
is 0.4 mm. Before electrogelation, sensor substrates were washed by DI water and methanol
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several times and subsequently dried. The electrogelation solution contains ~36 μM CdS QDs
and 10 mM tetrabutylammonium hexafluorophosphate in methanol. During electrogelation,
interdigitated Pt electrodes were immersed in the electrogelation solution. A potential of 1.2 V vs.
Ag/AgCl was applied for five minutes to generate the gel in situ. After electrogelation, gel sensors
were dried under ambient conditions to form xerogel films.

Gas sensing tests
Gas sensing tests were led by Dr. Xin Geng in Luo Lab at Wayne State University.
Measurements were carried out using a home-built apparatus (Figure 3.11) at room temperature
(25 oC) with a relative humidity of 50%. The sensors were mounted inside a 0.3 L Teflon testing
chamber. Before the tests, CdS gel sensors were stabilized for 8 hours in air at room temperature
until they reached a constant electrical resistance of ca. 1.85 MΩ. During gas sensing tests, gas
analytes in the air were fed to the Teflon chamber at a constant flow rate of 2000 sccm. The
change in sensor resistance was recorded. The response and recovery (upon switching between
air/NO2 and air) times were defined as the time needed for the electrical resistance to change by
90% at the response and recovery stage, respectively.

Computational Methods
Computational calculations were carried out from Zhang Group from the School of Vehicle
and Mobility, Tsinghua University, Beijing, China. Methods used for the calculations will be
explained below for reference.
All calculations were performed using the ab initio Simulation Package (VASP),127-130
based on plane-wave density functional theory (DFT). Core electrons were described using the
projector-augmented wave (PAW) method.129 Kohn-Sham single electron wave functions were
expanded in a plane-wave basis with a kinetic energy cutoff of 400 eV to describe the valence
electrons. The exchange-correlation energy was evaluated by the generalized gradient
approximation (GGA) using the Perdew-Burke-Ernzerhof (PBE) functional.131 The Tkatchenko-
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Scheffler method was used to count for the long-range dispersion corrections.132 The MonkhorstPack scheme was employed to sample the Brillouin zone using a 3×3×1 k-point grid for atomic
structure optimization and a 7×7×1 k-point grid for refining electronic structures.133 Both plane
wave cutoffs and k-point grid density were checked for convergence with respect to the NO2
chemisorption energy on the pristine CdS(100) surface.
The pristine CdS(100) surface was modeled with a four-layer (3×2) hexagonal CdS(100)
supercell. The bottom two CdS layers were kept frozen, while the top two layers and adsorbed
gas molecules were set free to relax. A vacuum of 14 Å was added to all models to avoid the
interaction between periodic images. Geometries were considered optimized when the force on
each atom was < 0.02 eV/Å. Bader charge analysis was performed to decompose the charge
density into volumes around atoms.134

3.3

Results and Discussion
Electrogelation of CdS QDs. Our inspiration for the electrogelation method is rooted in prior

work from the Brock lab demonstrating chemical oxidation as a pathway to form monolithic gels
and thin films of assembled metal chalcogenide QDs linked by dichalcogenide bonds between
particles.86, 88-89 Because a key attribute for exploiting QD assemblies in microelectronic devices,
solar cells, and electrochemical sensors is the need to marry the QDs to an electrode surface, we
investigated electrooxidation as a method to gel QDs onto an active electrode directly. As proof
of principle, we report the formation of CdS QD monolithic gels (electrogels) from Pt electrodes
and compare the attributes of the wet gel and aerogel to chemically prepared gels (chemgels).
We then demonstrate electrogelation of CdS on sensor supports to produce xerogel films for
selective room-temperature sensing of NO2 with low limit-of-detection (11 ppb), fast response
recovery times (<0.5 min), and exceptional selectivity.
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Figure 3.1 Electrogelation of CdS QDs. a, Schematic of reversible electrogelation of CdS QDs.
QDs in solution first migrate to the anode where oxidation results in elimination of surface-bound
thioglycolate (as dithioglycolate) and solvation of surface Cd ions to reveal core sulfide. Core
sulfide is then oxidized to form disulfide bonds between QDs, yielding a gel network. Upon
electrode potential reversal, the disulfide bonds are reduced to sulfides, disassembling the gel
network. b, CdS gel growth on a Pt wire electrode as a function of electrogelation time at an
electrode potential of 1.2 V vs. Ag/AgCl/sat. KCl reference electrode. c-e, Low-magnification
STEM and TEM images of CdS QDs, wet gel, and aerogel, respectively. The insets show their
corresponding photographs. Insets in e show a free-standing CdS aerogel under the ultraviolet
(top) and normal light (bottom). f-h. High-resolution STEM images of CdS QDs, wet gel, and
aerogel, respectively. Crystallites in the gel are color-coded according to their lattice fringes,
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corresponding to the (110), (101), (002), and (102) planes of hexagonal CdS. Crystallites in which
two sets of planes are evident are outlined in red.

Figure 3.2 Size distribution for synthesized CdS QDs.The distribution was obtained by counting
more than 200 individual QDs in the TEM images. The average diameter is 3.2 nm, with a
standard deviation of 0.4 nm.

For the electrogel formation, we first synthesized nearly monodisperse sols of CdS QDs
with an average diameter of 3.2 ± 0.4 nm (Figure 3.1c, f and Figure 3.2) using a modified hot
injection method.135 To facilitate the electron transfer between the QDs and electrode during
electrogelation, we next performed a ligand exchange with a short-chain thiolate, thioglycolate.
Electrogelation of CdS QDs was initiated by applying a potential of 1.2 V vs Ag/AgCl/sat. KCl at
a Pt wire anode immersed in the CdS QD solution. A layer of a pale yellow translucent wet gel
immediately started growing around the wire electrode upon applying the potential (Figure 3.1b).
Supercritical CO2 drying yielded CdS aerogel monoliths with minimal volume loss compared to
the wet gel. Figure 3.1c− inserts show the photographs of a representative as-synthesized CdS
QD solution, CdS wet gel, and CdS aerogel monolith; the CdS aerogel monolith is highly emissive
even when excited with a hand-held UV lamp. Electrogelation of CdS QDs capped with long-chain
thiolates commonly employed in chemical gelation, such as 11-mercaptoundecanoate, was not
effective under similar conditions (Figure 3.3), suggesting electrogelation of QDs relies on
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efficient electron transfer between QDs and electrode, which is inhibited with a long chain thiolate
capping agent.

Structural and Electronic Property Characterizations
Transmission electron micrographs of a CdS wet gel and aerogel (Figure 1d, e) produced
by electrogelation show the presence of a mesoporous network (pore size from 2 to 50 nm). CdS
QD building blocks are visible in the gel network (Figure 1g, h), having ripened modestly during
the electrogelation, resulting in a broader size distribution shifted to larger average sizes (∼4 nm)
relative to the native QDs (3.2 ± 0.4 nm). These building blocks are crystalline and randomly
oriented, as evidenced by the presence of different lattice fringes corresponding to the (110),
(101), (002), and (102) planes of hexagonal CdS.

Figure 3.3 MUA capped CdS QD OE-gelation. Pt wire electrode immersed in an MUA-capped
CdS QD solution with 10 mM tetrabutylammonium hexafluorophosphate at 1.6 V vs. Ag/AgCl
reference electrode

We further characterized the crystallinity of electrochemically prepared CdS aerogel
(electrogel) using powder X-ray diffraction (PXRD). The electrogel exhibited the characteristic
peaks of hexagonal CdS (PDF 00-001-0780, Figure 3.4a). The peak widths at half height were
similar for the electrogel and CdS QDs suggesting the average crystallite size is not significantly
changing in the process, which is consistent with the electron microscopy results. The porosity of
the electrogel was analyzed by nitrogen physisorption, which produced a type-IV isotherm,
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characteristic of a mesoporous material (Figure 3.4b). The surface area of the electrogel was
220 m2/g based on the Brunauer−Emmett−Teller model.136 Figure 3.4c illustrates the pore-size
distribution for electrogel, which was obtained by fitting the Barrett−Joyner−Halenda model using
the desorption branch of the isotherm.137 The average pore diameters and cumulative pore
volumes were calculated to be 20.5 nm and 1.2 cm3/g, respectively. For comparison, a CdS
aerogel sample was also synthesized using the traditional chemical gelation method (chemgel).
The chemgel shows a similar PXRD pattern as the electrogel, but its surface area (155 m2/g),
average pore diameter (17.2 nm), and cumulative pore volume (0.68 cm3/g) are slightly lower
than that of the corresponding electrogel (Table 3.1).

Figure 3.4 Characterization of electrochemically synthesized CdS aerogel (electrogel),
chemically synthesized CdS aerogel (chemgel), and CdS QDs. a, Powder X-ray diffraction
(PXRD) patterns. The stick diagram shows the PXRD pattern of hexagonal CdS (wurtzite) as a
reference. b, nitrogen adsorption-desorption isotherms. c, Barrett-Joyner-Halenda pore size
distribution plots. d, solid-state diffuse reflectance data (converted to absorption). e, solutionphase UV-visible absorption spectra.

The bandgap values of the electrogel and chemgel were measured by diffuse reflectance
spectroscopy (Figure 3.4d). The absorption onsets for electrogel and chemgel are 2.55 and 2.65
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eV, respectively, both of which are greater than that for a bulk CdS solid (2.42 eV).138 This
suggests that the nanoparticle chromophores remain quantum confined, despite the fact that they
are linked together in a 3-D network. This is attributed to the fractal connectivity of the network
and/or the characteristics of grain boundaries at the interfaces. On the other hand, the slightly
smaller bandgap for electrogel relative to chemgel may be a consequence of resonance transfer
between particles of slightly different sizes and/or gradients in the fractal dimensionality that arise
from the voltage drop as the gel grows farther from the electrode surface. A small redshift of ∼10
nm in the UV−vis spectra for the electrogel relative to the chemgel and CdS QDs (Figure 3.4e) is
consistent with the bandgap results. Additionally, note that the green emission (Figure 3.1e, inset)
is consistent with previous observations of trap state emission from CdS chemgels.85 Overall, our
electrogelation method produces CdS gels that are structurally and electronically like the chemgel
but with a drastically shortened gelation time (∼30 min for electrogelation vs several hours to
several days for chemical gelation).85, 89, 139
Table 3.1 Nitrogen physisorption data for CdS chemgel and electrogel.
BET surface area BJH average pore diameter BJH cumulative pore volume
Sample
(m2/g)
(nm)
(cm3/g)

Chemgel

19.4 (adsorption isotherm)

0.66 (adsorption isotherm)

17.2 (desorption isotherm)

0.68 (desorption isotherm)

22.9 (adsorption isotherm)

1.17 (adsorption isotherm)

20.5 (desorption isotherm)

1.20 (desorption isotherm)

155

Electrogel 220
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a

b

Figure 3.5 a, Electrogel growth under different electrode potentials for 30 minutes. b, CdS gel
started forming at 0.8 V, but the gelation rate was slow, and the final gel was thin.
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Electrogelation Mechanism

a

b

c

Figure 3.6 Kinetics of CdS electrogelation. a, Electrogel thickness (d) vs electrogelation time (t)
at different electrode potentials (E). b, Initial growth rate (vd) as a function of E. vd was estimated
from the electrogel thickness in the first 400 s of electrogelation time. c, Linear sweep
voltammograms of CdS QDs and CdS QDs supported on carbon (CdS+C). The samples were
prepared by drop-casting CdS QDs or CdS+C onto a glassy carbon electrode and then dried in a
flow of N2 gas before the measurements. The blank used an unmodified glassy carbon electrode.
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To unravel the electrogelation mechanism, we studied the kinetics of electrogelation by
measuring the gel thickness (d) as a function of electrogelation time (t) at various electrode
potentials (E). CdS gel formation was noticeable when E > 0.8 V (Figure 3.5). At a fixed E, d
increases with t until it reaches a plateau value, dmax (Figure 3.6a), indicating electrogelation is a
self-limiting process. The dmax arises because the semiconductive CdS gel lowers the potential
on the gel surface (Esurface< E) as the gel grows, and, eventually, stops the gel growth when the
gel becomes sufficiently thick.
The initial gel growth rate (vd) was also extracted from the gel growth curve in the first 400
s. The dependence of vd on E shows a sigmoidal curve (Figure 3.6b), which is the characteristic
feature for an electrochemical reaction transitioning from a reaction kinetics-limited process to a
diffusion-limited process, i.e., from reaction-limited cluster aggregation to diffusion-limited cluster
aggregation.140 These kinetic processes also occur upon chemical oxidation and are responsible
for the formation of the solvent-supported gel network in lieu of a bulk precipitate (kinetic barrier
too low) or a stable colloid (kinetic barrier too high).141 The standard potential for electrogelation
of CdS QDs can be estimated from the half-wave potential (E1/2) to be ~1.34 V.

Figure 3.7 TEM images of CdS QDs immobilized on a carbon support.
During CdS QDs electrogelation, there are two possible electrooxidation steps: (1)
cleavage of the X-type Cd-S (thioglycolate) bond on the QD surface with concomitant formation
(elimination) of dithioglycolate and (2) formation of S-S disulfide bonds between CdS QDs. The
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E1/2 value measured from the electrogelation kinetics study should reflect the more challenging
step between the two. To identify their corresponding oxidation potentials, we designed and
performed the following experiments. First, we acquired the linear sweep voltammogram of
thioglycolate-capped CdS QDs. Two distinct anodic peaks are present at ~0.8 V and 1.2 V (Figure
3.6c), consistent with the two proposed oxidation steps during gelation. Second, we prepared a
CdS+C sample, where CdS QDs were immobilized on a carbon support. In CdS+C, CdS QDs are
largely (although not exclusively) isolated from each other (Figure 3.7). The physical separation
between QDs prevents the formation of S-S bonds between CdS QDs but does not interrupt the
oxidative removal of thioglycolate (as dithioglycolate) from the CdS QD surface. The linear sweep
voltammogram of CdS+C in Figure 3.6c shows a similar peak at 0.8 V as CdS QDs and a
significantly diminished peak at 1.2 V. This finding suggests the anodic peak at 0.8 V should
correspond to the thioglycolate ligand removal and the peak at 1.2 V arises from the S-S bond
formation. The S-S bond formation is presumed to be rate-limiting for electrogelation based on
the similarity of its corresponding potential (1.2 V) to the E1/2 value obtained above (1.34 V).

Figure 3.8 Mechanistic studies of QD electrogelation. a, Fourier transform infrared spectroscopy
(FTIR) of CdS QDs, chemgel, and electrogel. b-c, X-ray photoelectron spectroscopy (XPS)
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showing the Cd 3d and S 2p regions of CdS QDs, chemgel, and electrogel. d, Schematic
illustration of electrogelation of CdS QD. 1, Thioglycolate-capped CdS QDs are suspended in
methanol. 2, When a QD collides at the anode, thioglycolate is removed by electrochemically
cleaving the Cd-thioglycolate bond and eliminating dithioglycolate. 3, Next, the exposed Cd ions
on the QD surface detach (are solvated), exposing sulfide at the surface. 4 and 5, The QDs are
cross-linked by electrochemically oxidizing the surface sulfide to form disulfide bonds between
particles. 4 and 5 are electrochemically reversible. e-g, Reversible electrogelation of CdS, CdSe,
and ZnS QDs, respectively.

The thioglycolate ligand removal during electrogelation was further confirmed by Fourier
transform infrared spectroscopy (FTIR). Figure 3.8a shows the FTIR spectra of CdS QDs,
chemgel, and electrogel. The signals were normalized by the Cd content in these samples. In
comparison to CdS QDs, the chemgel and electrogel show attenuated intensities for CH2 in-plane
scissoring band at 1486 cm-1, the C-C stretching band, and CH2 in-plane bending band at 948
cm-1, all of which are associated with thioglycolate ligands.142 We also noticed a new band
emerging at 1114 cm-1 corresponding to the asymmetric stretching band of sulfate for gel samples
(in particular, for the chemgel), possibly due to the partial oxidation of surface S to sulfate during
gelation.143

Figure 3.9 XPS peak fitting results for CdS QDs, chemgel, and electrogel. a, The percentage of
the total Cd occurring on the surface. b, The percentage of the total S occurring on the surface.
c, The percentage of surface S that is oxidized.

X-ray photoelectron spectroscopy (XPS) was also performed to investigate the surface
property changes during electrogelation. Figure 3.8b and c show the XPS spectra of CdS QDs,
chemgel, and electrogel in the Cd 3d and S 2p regions. For all Cd 3d spectra, two pairs of peaks
are apparent after fitting the spectra by a composite function (30% Lorentzian+70% Gaussian).
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The pair of peaks in purple at lower binding energies are assigned to the surface Cd atoms, and
the other pair in green at higher binding energies to the interior Cd atoms.144 For CdS QDs, the
surface Cd peaks are located at 403.90 eV and 410.60 eV. In comparison, the surface Cd peaks
for the two gel samples shift to higher binding energies at 404.40 eV and 411.15 eV due to the
change in surface composition induced by the gelation process. Analysis of the peak areas
reveals that the surface Cd percentage decreases significantly from 28% in CdS QDs to ~8% in
the gel samples (Table 3.2).
Similarly, two pairs of peaks are present in the S 2p spectrum of CdS QDs, corresponding
to the surface and interior S atoms.144 These two pairs of peaks slightly shifted to high binding
energies for gels as well, possibly because of the formation of S22- species during gelation.145
Another distinct feature of the S 2p spectra for gels is that a pair of new peaks (highlighted in pink,
Figure 3.8c) appears at 167.88 eV and 169.08 eV, indicating the formation of S-O species.146
This observation is consistent with the emergence of an asymmetric stretching band of sulfate in
the FTIR spectra of the gel samples. Assuming the S-O species are on the gel surface, we
estimated the total percentage of surface S (including the surface S and S-O species) from the
peak areas to be ~25 % in the gel samples, a 2.5-fold increase relative to the CdS QDs (Table
3.2). The above XPS results show the surface percentages of Cd and S have almost completely
flipped for CdS QDs and gels (Figure 3.9).
Taken together, we propose the following electrogelation mechanism, as illustrated in
Figure 3.8d. Thioglycolate-capped CdS QDs are originally suspended in methanol. When a QD
collides at the anode, thioglycolate is first removed by electrochemically cleaving the Cd-S
(thioglycolate) bond (the oxidation potential is ~0.8 V) and eliminating dithioglycolate. Next, the
exposed Cd ion on the QD surface detaches due to solvation in methanol, possibly aided by the
presence of carboxylate in the departing dithioglycolate, producing an S-rich surface, as
evidenced by the high percentage of surface S in the gels. The QDs are then cross-linked by
electrochemically oxidizing the surface sulfide to form S-S disulfide bonds (the oxidation potential
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is ~1.2 V). The presence of disulfide linkages was confirmed by the dissolution of an electrogel
upon applying a negative potential to reduce [S-S]2- bonds back to 2S2- (Figure 3.8e).145 Because
electrogelation relies on effective electrochemical reactions of QDs, when CdS QDs are capped
by long-chain thiolates, or when the CdS gel grows to a certain thickness, the electrode reactions
are hindered, leading to slow or no gelation.
Table 3.2 XPS peak analysis of the Cd 3d and S 2p regions for CdS QDs, chemgel, and
electrogel. Fitting was performed using a composite function (30% Lorentzian + 70% Gaussian).
CdS QDs

Chemgel

Binding

Electrogel

Binding
Area

Surface

energy

Binding
Area

Surface

energy
ratio

Cd %

(eV)

ratio

Cd %

(eV)

Cd 3d 5/2 inner

404.30

1

Cd 3d 5/2 surface

403.90

0.4

Area

Surface

ratio

Cd %

energy
(eV)

404.90

1

404.40

0.1

28.3

404.90

1

404.40

0.1

8.2

8.6

Cd 3d 3/2 inner

411.02

0.7

411.65

0.69

411.65

0.71

Cd 3d 3/2 surface

410.60

0.27

411.15

0.05

411.15

0.06

CdS QDs

Chemgel

Binding

Electrogel

Binding
Area

Surface

energy

Binding
Area

Surface

energy
ratio

S%

(eV)

Area

Surface

ratio

S%

energy
ratio

S%

(eV)

(eV)

S 2p 3/2 inner

160.50

1

161.10

1

161.12

1

S 2p 1/2 inner

161.70

0.5

162.30

0.53

12.1

162.30

0.48

20.4

S 2p 3/2 surface

161.80

0.12

162.40

0.14

(S22-);

162.35

0.25

(S22-);

0.06

163.60

0.07

25.4

163.45

0.13

24.5

S-O 3/2 surface

0

167.88

0.21

(total)

167.88

0.07

(total)

S-O 1/2 surface

0

169.08

0.10

169.08

0.03

10.7
S 2p 1/2 surface

162.95

This new electrogelation method was also found to be universally applicable to metal
chalcogenides. Figure 3.8f and g show the reversible electrogelation of CdSe and ZnS QDs. Just
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as in CdS electrogelation, ZnS gelation is caused by the electrochemical formation of S-S bonds.
In the case of CdSe QD gelation, Se-Se bonds form between QDs by oxidizing Se2- on the QD
surface, analogous to the sulfide case.147

Figure 3.10 CdS QD gas sensor. a, Photograph of the experimental setup for the one-step
fabrication of a CdS gel sensor via electrogelation of CdS QDs. b, c, Photographs of a blank
sensor substrate and a CdS gel sensor. d, e, FE-SEM surface images of a CdS gel sensor under
different magnifications showing the porous morphology of the CdS gel sensor. f, g, AFM crosssection image and thickness profile of a CdS gel sensor showing the gel thickness is ~2.7 μm.
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NO2 Gas Sensing Performance and Mechanism
Our electrogelation method provides a facile approach for fabricating a mesoporous
semiconducting QD network in one step, making it well-suited for preparing QD-based
electrochemical sensing devices. While the presence of disulfide linkages might appear to be
disadvantageous for facile electron transfer between particles, potentially serving as an electron
getter and resulting in reductive cleavage of the network, previous experiments on chemically
produced CdSe xerogel films (micron thickness) revealed conductivities on the order of 10-3 S/cm
(van der Paaw),148 and related 70 nm thin films produced stable photocurrents of ~75 µA/cm 2
upon illumination with white light (100mW).149 Moreover, previous work also demonstrated that 1
cm diameter monoliths of CdSe aerogels (chemically produced) exhibit ratiometric responses in
photoluminescence emission intensity to triethylamine; the success of this endeavor was
attributed in part to the large, accessible surface area.150 Accordingly, we hypothesized that
electrogels exhibiting facile conduction pathways and high surface areas should be ideal
platforms for electrochemical sensor development.
For our initial foray into electrochemical sensing devices, we demonstrate the application
of CdS electrogels for room-temperature NO2 gas sensing. This analyte was selected because
low-cost, sensitive, and reliable NO2 sensors are lacking for air quality monitoring by citizens and
community groups.151 We prepared CdS gel sensors by direct electrogelation of CdS QDs on a
sensor substrate patterned with interdigitated electrodes, followed by drying in the air (Figure
3.10). The sensor performance was tested at room temperature using a home-built apparatus
(Figure 3.11). The sensor response is defined as S = |Ra-Rg|/Ra, where Ra and Rg are the
resistance of a sensor in the presence of air and target gas, respectively. Upon exposure to NO2,
the sensor resistance decreases, characteristic of a p-type semiconductor.152
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Figure 3.11 a, Schematic diagram and b, a photograph of the home-built gas sensing test
apparatus.
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Figure 3.12 Gas sensing performances of CdS gel sensors at room temperature. a, Responserecovery curve of a CdS gel sensor to NO2 at different concentrations (11-1760 ppb). b, Sensor
response (S) vs. NO2 concentration (CNO2). c, Response-recovery curve in the presence of 220
ppb of NO2. d, Responses of a CdS gel sensor to different 100 ppm gases at room temperature
(NO2 and SO2 concentrations are 1.76 ppm).

Figure 3.12a shows the response of a CdS gel sensor towards NO2 at various
concentrations from 11 ppb to 1.76 ppm. The resistance decreased rapidly when NO 2 was
introduced and swiftly recovered once NO2 was removed. There is excellent linearity between the
sensor response and NO2 concentration for ppb-level NO2 (R2 = 0.998, Figure 3.12b). The CdS
gel sensor also shows fast response-recovery dynamics at room temperature; for example, the
response and recovery times for 220 ppb NO2 are 29 and 28 s, respectively (Figure 3.12c).
Previously reported sensors with rapid recovery times (< 30 s), suffer from high LODs (≥ 500
ppb),153-154 whereas those with low LODs (≤ 30 ppb) tend to have slower recovery times (≥ 44 s,
typically 100’s of s).24, 155-161 This is not surprising since low LODs are favored by high analyte
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binding energies that render the coordinated analyte difficult to displace. Notably, the CdS gel
sensor has the best combination of low LOD (11 ppb) and rapid recovery time (28 s) at room
temperature.
Likewise, as shown in Figure 3.12d, the response of CdS gel sensors to NO2 is at least
3.5 times higher than other common gases or vapors, including sulfur dioxide (electron acceptor),
ammonia, hydrogen, carbon monoxide, methanol, ethanol, acetone, and formaldehyde (electron
donors), even when the concentrations of the electron-donating molecules are > 50-fold that of
NO2. Our one-step electrogelation method not only simplifies the sensor fabrication procedure—
which will undoubtedly lower the production cost—but also dramatically improves the
reproducibility among devices.

a

b

c

Figure 3.13 Adsorption energy and charge transfer between NO2 and CdS. a, DFT calculated
NO2 adsorption energy (ΔEads(NO2)) and the corresponding charge transfer on a pristine CdS
(100) surface (CdS, black filled circle), with one surface Cd vacancy (CdSVCd , black open circle),
with one surface S oxidized (CdSSOx , red filled circle), and with one Cd vacancy and one residual
S oxidized (CdSVCd +SOx , red open circle), respectively. Insets are top views of corresponding
surface structures. Cd, S, N, and O atoms are shown as purple, yellow, blue, and red balls,
respectively. Calculated surface S oxidation energy ( ∆EO
surf ) of −2.02 eV indicates that the
presence of a Cd vacancy facilitates the surface S oxidation. b, Calculated differential valenceelectron charge densities of NO2 adsorption on CdSVCd +SOx (∆𝜌 = 𝜌NO* − 𝜌∗ − 𝜌NO2 ); charge
2

depletion and accumulation are illustrated by orange and cyan regions, respectively (isosurfaces
are set to 0.001 e/Å2). c, Calculated adsorption energies (left) and charge transfer values (right)
for different gases on CdSVCd +SOx . The charge transferred from and to the CdS surface is plotted
in orange and green, respectively.
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The exceptional sensing performance of the CdS gels arises from their unique
mesoporous QD network and surface chemistry. According to the classical theory of
semiconductor gas sensing,162 sensing performance, especially sensitivity, is controlled by three
independent factors: (1) accessibility of the active (sensing) sites to the target gas, (2) the nature
of the interaction between the active site and the gas-phase analyte; and (3) how the surface
interactions are converted into the electrical signal (transduction).

Figure 3.14 DFT calculated differential valence-electron charge densities of NO2 adsorption on
a, the surface of pristine CdS (100) b, CdS with a Cd vacancy (CdSVCd ) c, CdS with oxidized S
(CdSSOx ) and d, CdS with a Cd vacancy and oxidized S (CdSVCd +SOx ). Charge accumulation and
depletion are illustrated by green and orange, respectively (isosurfaces are set to 0.001 e/Å2). Cd,
S, N, and O atoms are shown as purple, yellow, blue, and red balls, respectively.

The nature of the CdS gel structure—specifically, the interconnected pore-matter
architecture—addresses Factor 1 by enabling efficient gas exchange throughout the gel network,
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facilitating interactions between the analyte and the QD surfaces, and thus, rapid response. 163
Factors 2 and 3 are more challenging to address experimentally, so we turned to computational
methods. Specifically, we studied NO2 adsorption on CdS surfaces using density functional theory
(DFT) calculations with Van der Waals correction. As discussed previously, the thioglycolate
ligands on the surface are removed during electrogelation, the exposed CdS gel surface is
enriched with S, and surface S is partially oxidized (Figure 3.8 and Figure 3.9). We evaluated
the effects of these surface features on NO2 adsorption using four surface models of CdS (100):
a pristine CdS surface, a CdS surface with a single Cd vacancy, a CdS surface with a single
oxidized S site, and a CdS surface with both a Cd vacancy and residual S oxidized (Figure 3.13a
and Figure 3.14). Note that the presence of a Cd vacancy is used to simulate an S-enriched CdS
surface. Figure 3.13a shows the adsorption of NO2 is strongest on the CdS surface with both Cd
vacancy and residual S oxidized (red open circle). Also, it shows adsorption of NO2 is significantly
strengthened in the presence of oxidized S sites (compare pristine CdS, black filled circle, with
oxidized CdS surface, red filled circle). The unoxidized S-rich surface (Cd vacancy, black open
circle), however, slightly weakens the NO2 adsorption relative to the pristine surface. Intriguingly,
the oxidation of S on the S-rich (Cd-vacancy) surface is an energetically more favorable process
(the O binding energy on S, ∆EO
surf = −2.02 eV, Figure 3.13a insert), relative to oxidation of the
pristine surface (∆EO
surf = 0.05 eV). Thus, it is the S-enrichment and its partial oxidation on the
CdS gel surface that leads synergistically to enhanced NO2 adsorption, addressing Factor 2. For
the third factor, NO2 adsorption events are transduced to an electrical signal by altering the charge
carrier concentration in the space charge layer of the CdS gel. According to the DFT results in
Figure 3.13a, the degree of charge transfer between a CdS surface and an adsorbed NO2 is
positively correlated with ΔEads(NO2), suggesting the unique surface features of the CdS gel also
benefit the signal transduction. A closer look at the differential electron density of NO2 adsorption
on the CdS gel surface reveals that oxidized S sites are engaged in promoting the electron
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transfer from CdS to the adsorbed NO2 (Figure 3.13b and Figure 3.14). The depletion of
electrons creates more holes in the valence band of CdS and substantially promotes its
conductivity due to the p-type semiconducting nature of the CdS gel (Figure 3.12a-c).
Additionally, the small crystallite size of CdS QDs within the gel network also facilitates signal
transduction because the gas sensitivity increases steeply as the crystallite size decreases to ≤
2L, where L is the depth of the space-charge layer, ~60 nm for CdS, far larger than the QDs that
make up the gel.164-165
DFT calculations were also used to shed light on the origin of the selectivity of CdS gels
towards NO2. Figure 3.13c shows the calculated adsorption energies (ΔEads) of the nine gases
or vapors tested in our experiments on a CdS surface (purple hashes on the left), as well as the
calculated charge transferred between the CdS surface and adsorbed gas (bars on the right,
orange = charge transfer from CdS; green = charge transfer to CdS). While the trends in
absorption energies do not correlate with activity, we recognized similar patterns between the
charge transfer values in Figure 3.13c and the sensor responses in Figure 3.12d, which suggests
the high selectivity towards NO2 originates from the significant charge transfer from CdS to NO2.

3.4

Conclusion
For the first time, we demonstrate a general and facile electrochemical method to crosslink

metal chalcogenide QDs into a gel. Electrochemically prepared QD monolithic gels are
mesoporous with a large surface area of 220 m2/g and an average pore diameter of 20 nm. The
gel network retains the crystalline structures of its QD building blocks, and the monolith remains
quantum-confined. Mechanistic studies using electrochemistry and spectroscopy have revealed
a three-step electrogelation mechanism: first, electrochemical removal of thiolate ligands; second,
spontaneous metal ion dissolution; and third, electrochemical crosslinking of QDs by
dichalcogenide bond formation. For thioglycolate-capped CdS QDs, the thiolate ligand removal
occurs at ~0.8 V, and the subsequent crosslinking takes place at a higher potential of 1.2 V. The
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highly open and interconnected structure of the semiconducting QD gel provides a large area of
target–receptor interfaces and facile charge transport, which makes them ideal candidates for
applications in gas-sensing and catalysis. As proof of principle, we show a one-step preparation
of CdS gel sensors and their use for NO2 gas sensing at room temperature. The CdS gel exhibits
exceptional NO2 sensing performance with an ultralow limit of detection of 11 ppb, a short
response and recovery time of < 30 s, a small variation in response of ~7% during 400 NO2
exposure/removal cycles, a remarkable device-to-device variation of < 5%, and a superior
selectivity towards NO2. DFT calculations show that the unique surface features of the CdS gel
significantly contribute to its outstanding sensing performance. The ability to adjust compositional
and surface characteristics of electrogels through parameterization suggests these materials can
be a flexible platform for a range of applications exploiting the combination of interconnected
matter-pore networks and robust charge transport.
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CHAPTER 4 METAL-MEDIATED ELECTROGELATION OF QUANTUM DOTS
Parts of this chapter were reprinted with permission from: Hewa-Rahinduwage, C. C.; Silva, K. L.;
Brock, S. L.; Luo, L., Quantum Dot Assembly Driven by Electrochemically Generated Metal-Ion
Crosslinkers. Chem. Mater. 2021, 33 (12), 4522-4528. Copyright 2021 American Chemical
Society

4.1

Introduction
The original (standard) approach to gelation of metal chalcogenide QDs involves chemical

oxidation of thiolate-capped QDs (irreversible ligand removal) followed by oxidative assembly due
to the formation of inter-particle dichalcogenide bonds.139 This approach is amenable to thin-film
deposition, patterning via ink-jet printing and can also be performed using electrochemical
oxidation.149,

166-167

However, the dichalcogenide linkages are not stable in a reducing

environment, limiting conditions under which they can be deployed. An alternate approach to QD
gelation that circumvents redox instability is to use coordinate bonds between Lewis acidic metal
cationic linkers and Lewis basic functionalities pendant on surface capping ligands. This approach
has been previously established for nanoparticle gelation, with flexibility enabled by the ability to
tune the chain length of the pendant ligand, the pendant coordination site and geometry
(carboxylate, imidazolate, etc.), and the identity of the metal ion.118-119, 168-170 However, metal-ion
mediated assembly to form gels and aerogels is typically a batch process involving the
introduction of metal ions to a colloidal sol, forming macroscale objects with dimensions and
shapes defined by the mold. Such methods do not enable the introduction of fine detail to the QD
gel form. To address this challenge, we demonstrate herein the electrochemically-driven
formation of metal-ion crosslinked QD gel structures on-demand by localized delivery of the metal
ion from the electrode surface.
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4.2

Experimental Methods
ME-gelation
The working electrode for the ME-gelation was a Ni wire. The wire was scratch polished

using 400-grit 3M sandpaper to expose a fresh layer of material. The wire was then washed with
DI water and placed in a 15 mL centrifuge vial with DI water. The vial was sonicated for 1 minute
and rewashed using plenty of DI water. Next, the wire was cleaned using methanol, dried, and
immersed in the QD solution for gelation. The gelation setup was always maintained under lowlight conditions, and a digital camera was used to capture the images every minute. The required
potential was applied using a CHI 650E potentiostat. The iR drop was compensated manually
after measuring the solution resistance using a potentiostat function. After the gelation, the Ni
wire was removed carefully without damaging the gel monolith. The remaining QD dispersion was
pipetted out, and 3 mL of acetone was added immediately to keep the gel wet. This acetone
solution was exchanged with another 3 mL of acetone two more times. After the third acetone
exchange, the gel was stored in the dark.
Co, Ag, and Zn wires were used to demonstrate the ME-gelation using different metals.
MUA-capped CdS QDs were used for the study. MUA capped QDs required a higher potential of
1.6 V to start the OE-gelation. Therefore, 1.2 V was selected to demonstrate the ME-gelation for
this set of experiments. The wires were cleaned following the same procedure used for Ni wire
cleaning. Gelation was carried out in the same three-electrode setup described above for 15
minutes. CdSe QDs demonstrated lower stability at high potentials such as 1.2 V. Therefore, the
ME-gelation of CdSe QDs was carried out using a Ni wire at 0.8 V for 30 minutes.

MC-gelation
Metal crosslinked chemical gels were prepared by direct addition of Ni2+ ions to the QD
dispersion. 0.30 g of NiCl2·6H2O was dissolved in 25 mL of absolute ethanol to prepare a 0.05 M
Ni2+ ion solution. MUA capped CdS QD dispersion in methanol (6 μM, 3 mL) was mixed with 940
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μL of the Ni2+ ion solution. The final Ni2+/ CdS QD ratio was 2611 in the mixture. The mixture was
vigorously shaken and kept in the dark for gelation for 24 hours. TGA-capped CdS MC-gels were
prepared in a similar method, but the Ni2+/ CdS QD ratio was maintained at 83.

EDTA dispersion study
0.263 g of Na2EDTA was dissolved in DI water, and the pH was adjusted to 8.5 using
NaOH. The solution was volumed up to 25 mL to get a final concentration of 0.36 M EDTA. Gel
solubility was tested by gently mixing 1 mL of the 0.36 M solution to each vial that contained OC,
MC, or ME-gels.

Calculation of the Ni2+/QD ratio in ME and MC-gels
The Ni2+/QD ratio in the MC- and ME-gel was estimated as follows. First, the QD diameter
was determined using UV-Vis absorbance data.126 Then, the mass of a single QD was calculated
from the bulk CdS density (4.8 g/cm3) and the QD diameter.171 The number of Cd atoms per QD
was calculated using the molecular mass of CdS and Avogadro’s number. After obtaining the ratio
of Ni and Cd in the gel samples using ICP-MS, we calculated the ratio of Ni2+/QD in the gel by
dividing it by the number of Cd atoms per QD.

Patterning of QDs on a PCB chip
The PCB chips patterned with a Wayne State University logo-shaped Au-coated electrode
were purchased from the JLCPCB company (Shenzhen, China). Connector wires were attached
to the circuit by soldering, and all the connections except the desired electrode surface were
covered completely using a resistive epoxy resin. First, the PCB chip was cleaned with plenty of
DI water and dried. A Ni2+ solution (0.5 M) was prepared by dissolving NiSO4·6H2O in water. The
pH of the solution was adjusted to 3 using 1 M HCl. The PCB chip was immersed in this solution,
and a Ni layer was electrodeposited onto the electrode at -1 V. After 15 minutes of deposition, the
applied potential was discontinued, and the electrode surface was cleaned thoroughly using water
and methanol. At this point, the gold surface turned grey due to the deposited Ni (Figure 4.17).
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After Ni deposition, the PCB chip was immersed in ~10 mL of ~36 µM QD dispersion. TBAPF6
was added to get a final electrolyte concentration of ~10 mM. An Ag/AgCl/Sat. KCl reference
electrode and a Pt foil counter electrode were used to carry out the QD patterning on the PCB
chip. An electrode potential of 0.5 V was applied for a period of 30 minutes. Then, the PCB chip
coated with the gel was removed from the solution. Unattached QDs were carefully washed away
using methanol. The wet gel was allowed to dry into a xerogel in the lab ambient. The
photoluminescence images of the PCB chip were collected in a dark room under UV light.

4.3

Results and Discussion
To achieve metal ion-mediated electrogelation (ME-gelation) in lieu of oxidative

electrogelation (OE-gelation), we need a metal with a relatively low oxidation potential to enable
the delivery of ions under conditions that will not directly oxidize the QDs. Ni was chosen for proof
of principle because its oxidation potential (-0.25 V vs. SHE) is significantly more negative than
the potential for OE-gelation (1.5 V vs. SHE).167 During ME-gelation, a positive potential is applied
at a Ni electrode to release Ni2+ ions into the colloidal sol of QDs capped with thiolate ligands,
such as thioglycolate (TGA), to produce QD ME-gels via metal ion-carboxylate coordination
(Figure 4.1a). We first synthesized nearly monodisperse sols of TGA-capped CdS QDs with an
average diameter of 3.4 ± 0.7 nm (Figure 4.1c, f and Figure 4.2) using a modified hot injection
method.135 ME-gelation of CdS QDs was initiated by applying a potential of 0.5 V vs. Ag/AgCl/sat.
KCl at a Ni wire electrode immersed in the CdS QD solution. A thin layer of CdS QD gel was first
observed on the Ni anode surface after ~15 mins, and the gel growth continued for one hour
(Figure 4.1b). The electrode potential of 0.5 V is insufficient to drive direct oxidative gelation of
TGA-capped CdS QDs (Figure 4.3).167
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Figure 4.1 Metal ion-mediated electrogelation (ME-gelation) of QDs. a, Schematic of ME-gelation.
Electrooxidation of a Ni electrode generates Ni ions. The released Ni ions crosslink QDs capped
with thiolate ligands such as thioglycolate (TGA) into a QD gel network by coordinating the
carboxylate groups with Ni ions in a bridging bidentate geometry. b, CdS QD gel formation on a
Ni anode with time at a potential of 0.5 V vs Ag/AgCl/sat. KCl reference electrode. c-e, Lowresolution TEM and STEM images of CdS QDs, wet gel and aerogel, respectively. Insets show
the photographs of each material. f-h, High-magnification STEM images of CdS QDs, wet gel and
aerogel, respectively. The inset in g shows the gap between QDs in the gel network.
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Figure 4.2 Size distribution of the QDs before (a) and after (b) ME-gelation. The sizes were
obtained by analyzing the TEM images of QDs and the QD ME-gel using ImageJ software.
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mercaptoundecanoate (MUA) was also observed at ~0.5 V (Figure 4.4), indicating ME-gelation
is solely controlled by the oxidation of Ni to Ni2+ ions and independent of the QD ligand chain
length. The inductively coupled plasma mass spectrometry (ICP-MS) analysis of the CdS MEgels prepared from TGA- and MUA-capped CdS QDs also shows similar Ni2+/QD ratios of 153
and 150, respectively.

Figure 4.3 TGA-capped CdS QD electrogelation. a, ME-gelation using a Ni wire anode as a
function of oxidation time at 0.3 and 0.4 V vs Ag/AgCl/sat. KCl. No ME-gelation was observed at
0.3 V after one hour. ME-gel formation was observed at electrode potentials 0.4 V within 1 hour
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when a Ni wire was used as the working electrode. b, OE-gelation using a Pt wire anode as a
function of time at 0.6 and 1.2 V. No gels were observed after an hour at 0.6 V. To obtain a
similarly sized gel as in (a) at 0.4 V, the potential requirement is 1.2 V.

Figure 4.4 ME-gelation of MUA-capped CdS QDs at a Ni wire electrode at 0.5 V vs
Ag/AgCl/sat. KCl.

We investigated the structure and connectivity of the QDs in the ME-gel using
transmission electron microscopy (TEM). Figure 4.1c-e shows the low-magnification TEM and
STEM micrographs of CdS QDs, wet gel, and aerogel, respectively. Both the wet gel and aerogel
show a three-dimensional mesoporous network with pore sizes between 2 to 50 nm. Individual
CdS QD building blocks were discernible in the high-magnification STEM micrographs of CdS QD
gels, which kept the same size of ~3 nm as the QD precursors (Figure 4.1f-h and Figure 4.2).
Notably, CdS QDs in the gel are sometimes separated by ~0.5 nm (Figure 4.1), which was not
observed in CdS QD gels prepared by OE-gelation (Figure 4.5).

Figure 4.5 Typical STEM micrographs of OE-gels prepared from TGA-capped CdS QDs at 2.0 V
using a Pt wire electrode. a, A low-magnification STEM image that shows the 3D mesoporous gel
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structure. b, A high-magnification STEM image of the same gel shows the QD building blocks are
directly connected without any notable gaps between them.

Figure 4.6 Comparison of microscopic structures of ME-gels and OE-gels. a-b, Low-magnification
and c-d, high-magnification STEM micrographs of ME-gels prepared using a Ni wire electrode at
1 V (a,c) and OE-gels prepared using a Pt wire electrode at 2 V (b,d) from MUA-capped CdS
QDs. Insets in c and d show significant gaps between the QDs in the ME-gel relative to its OEgel counterpart, respectively.

The separation between QDs becomes more pronounced for CdS QD ME-gels prepared
from MUA-capped CdS QDs (~1-1.5 nm) since MUA has a longer carbon chain than TGA (C11
vs. C2; Figure 4.6), confirming the proposed connection between QDs via a ligand-Ni2+-ligand
linkage. The Ni2+-carboxylate coordination was further confirmed by the dispersion of ME-gels in
the presence of ethylenediamine-tetraacetic acid (EDTA), which competes with carboxylateterminated thiolate ligands for binding with Ni2+, disrupting the Ni2+-carboxylate coordination
(Figure 4.7). The infrared spectrum of the ME-gel in Figure 4.8 shows a wavenumber difference
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of 173 cm-1 between the asymmetric and symmetric stretching vibrations of the carboxylate group,
suggesting bridging bidentate coordination between Ni2+ and carboxylates (Figure 4.1a).172

Figure 4.7 EDTA dispersion tests for CdS QD gels prepared chemically and electrochemically.
The OC-gel was prepared by adding a chemical oxidant to form disulfide crosslinks between QDs,
the MC-gel was prepared by adding Ni2+ ions to TGA-capped QDs, and the ME-gel was prepared
by electrochemically releasing Ni2+ into a solution of TGA-capped QDs. a, As-prepared. b. After
the addition of water (control). c, After the addition of EDTA solution.

The crystallinity of the CdS QD ME-aerogel was characterized using powder X-ray
diffraction (PXRD). The PXRD peak locations and peak breadths for the gel match the CdS QDs
(Figure 4.9a), suggesting the QD structure and crystallite size are not affected by the ME-gelation
process. This finding is consistent with the TEM results in Figure 4.1f-h.
We further measured the optical properties of the CdS QD ME-gels using UV-Vis, diffuse
reflectance spectroscopy, and photoluminescence (PL) spectroscopy. The UV-Vis spectra of CdS
QD and gel in Figure 4.9b, inset show the first excitonic peak only slightly red-shifted by 4 nm
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for the CdS QD gel relative to the QDs, attributed to resonance transfer facilitated by coupling
between the QDs in the interconnected gel network.167, 173
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Figure 4.8 Infrared spectrum of a CdS ME-gel.The peaks at 1558 and 1385 cm-1 correspond

to the asymmetric and symmetric stretching vibrations of the carboxylate groups in the
ME-gel, respectively. The difference between the two wavenumbers, Δν, is a parameter
that identifies the type of bonding between the metal and carboxylate moiety: a value
above 250 cm-1 signifies the monodentate coordination, a value in the range of 120-250
cm-1 signifies the bridging mode, while a difference below 120 cm -1 corresponds to
chelation. Δν = 173 cm-1 for the CdS ME-gel.
The diffuse reflectance spectrum of the gel in Figure 4.9b shows a bandgap of 2.63 eV,
significantly larger than the bandgap of bulk CdS (2.42 eV). The PL spectra in Figure 4.10 show
that the CdS QD ME-gel exhibits a similar PL profile as the colloidal CdS QDs, with a slightly
increased intensity for the exciton emission peak at ~460 nm and a slightly reduced intensity for
the broad trap state emission peak near 560 nm. These results suggest the QD ME-gel remains
quantum-confined, with a similar quantum yield to the starting CdS QDs, even though the QD
building blocks are linked together via the Ni2+ cross-linker in a 3-D network.
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Figure 4.9 Characterization of ME gel. a, Powder X-ray diffraction (PXRD) patterns of CdS QD
ME-aerogel and CdS QDs; the hexagonal CdS (wurtzite) PXRD pattern is shown as a reference
(stick diagram; PDF 00-001-0780). b, Diffuse reflectance spectrum of a CdS QD ME-aerogel; the
UV/Vis spectra of the CdS QDs and CdS QD ME-aerogel is shown in the inset. c, N2
adsorption−desorption isotherms and BJH pore size distribution plot (inset) for the CdS QD MEaerogel.
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Figure 4.10 Photoluminescence spectra for CdS QDs and CdS QD ME-gel. The PL intensity

was normalized to the absorbance at the excitation wavelength (400 nm).
The surface area of CdS QD ME-aerogel was measured by nitrogen adsorptiondesorption isotherms using the Brunauer–Emmett–Teller (BET) model.174 A type-IV isotherm,
characteristic of a mesoporous network, was observed (Figure 4.9c). The BET surface area was
measured to be 258 m2/g. The Barrett–Joyner–Halenda (BJH) model was used to obtain the
average pore size distribution (Figure 4.9c, inset).137 The average BJH pore diameter and the
cumulative pore volume are 21 nm and 1.4 cm3/g, respectively. Both the BET surface area and
BJH cumulative pore volume are slightly larger (~20%) than those of typical OE-gels prepared
from similarly-sized CdS QDs (Table 4.1).167
For comparison, gelation was also performed by direct introduction of Ni2+ ions to a sol of
MUA-capped CdS to produce an MC-gel, which had a lower surface area (65 m2/g, Table 4.1).
We considered whether the significant differences in the surface area might reflect different Ni2+
uptake in the two gels, but the Ni2+/QD ratio determined by ICP-MS, X-ray fluorescence, and
energy-dispersive X-ray spectroscopy in the MC-aerogel was close to that for the ME-aerogel
(123±16 vs. 150). We think the differences in the surface area likely reflect differences in the
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distribution of crosslinkers in the two systems; MC-gels formed from rapid mixing are likely to be
more homogeneous than ME-gels, where continuing growth is governed by diffusion of ions from
the electrode through the gel matrix.
Table 4.1 Comparison of surface area and pore size between the CdS QD ME-aerogel, MCaerogel, and the aerogels prepared by oxidative assembly methods.
BJH cumulative
BET surface BJH
average
pore
Sample
pore
volume
area (m2/g)
diameter (nm)
(cm3/g)(c)
24 (adsorption isotherm)
ME-aerogel (a)

1.4

258
20 (desorption isotherm)
14 (adsorption isotherm

MC-aerogel

(b)

65

0.2
11 (desorption isotherm
23 (adsorption isotherm)

OE-aerogel (c)

220

1.2
21 (desorption isotherm)

(a)

Prepared from TGA-capped CdS QD using a Ni electrode at 0.5 V.

(b)

Prepared from a Ni2+/ MUA-capped CdS QD ratio of 2611.

(c)

Values obtained from the adsorption and desorption isotherms in Chapter 3.
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Figure 4.11 Electrochemical control over ME-gelation process. a-d, Photographs of CdS QD

ME-gelation as a function of time at different applied electrode potentials from 0.3 V to
0.6 V vs Ag/AgCl/sat. KCl electrode. An expanded view of the working electrode at each
gelation starting point is shown in the red-dashed box on the right. e and f, Current-time
and charge-time traces for the corresponding ME-gelation potentials in a-d. Black dotted
lines connect the observed gelation induction times to the charge-time traces.
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Figure 4.12 ME-gelation of MUA-capped CdS QDs using different metal anodes. a-c, Co, Ag,
and Zn, respectively, at 1.2 V and d, MUA-capped CdSe QDs using a Ni electrode. To the left of
the TEM images are the corresponding photographs taken at 0 minutes (top) and 15 minutes
(bottom) after the potential application. e, Photographs, from left to right: imaging under ambient
light, a printed circuit board (PCB) chip patterned with an Au-coated electrode; imaging under
ultraviolet light, the PCB chip after electrodeposition of Ni onto the electrode (before gelation),
and after ME-gelation of CdS, and CdSe QDs. A U.S. 10 cent coin (18 mm diameter) is included
for scale.

To further understand the ME-gelation process, we carried out a potential-dependent
study. An electrode potential of 0.3, 0.4, 0.5, or 0.6 V was applied at the Ni electrode to initiate
ME-gelation. All these potentials are sufficient to oxidize Ni to Ni2+, but we did not observe MEgel formation at 0.3 V even after 1 h (Figure 4.11a). More interestingly, there was a certain
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induction time required for the gel to appear on the electrode at potentials higher than 0.3 V, and
the induction time is not positively correlated with the applied potential (Figure 4.11b-d). For
example, the gel was visible to the naked eye at 960 s at 0.5 V but did not appear until 1200 s at
0.6 V. Such growth behavior of ME-gels is distinguishable from that of OE-gels, where gel growth
is seen immediately upon the application of sufficient electrode potential, and the OE-gel growth
rate increases with the applied potential. A closer look at the current-time traces at various
potentials in Figure 4.11e shows the current continuously increased with time during the MEgelation.

Figure 4.13 SEM images of the Ni wire anode before and after ME-gelation. a, As-purchased Ni
wire surface. b, Ni wire after mechanical polishing using sandpaper. c, Ni wire after
electrodissolution in methanol at 0.4 V for 30 mins. Many cavities were observed on the wire
surface. d, The corresponding current-time trace during Ni electrodissolution, showing a
continuous current increase.
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The increasing current results from the increase of electrode surface roughness during
the anodic dissolution of the Ni electrode (Figure 4.13). Because anodic dissolution of transition
metals such as Ni is well-known to be nonlinear and sometimes chaotic due to a complex interplay
of the underlying passivation (oxide formation) and activation (oxide dissolution) surface
processes,175-178 the faradaic current and electrode potential did not show a reproducible positive
correlation. However, we discovered a constant critical charge of 3.6 mC for ME-gelation after
analyzing the total charge at each induction time when the gels started appearing on the Ni
electrode (Figure 4.11f). Because Ni electrodissolution is the only anodic reaction at the electrode
potential of ≤ 0.6 V (Figure 4.14), this critical charge value means a certain level of Ni2+ in the
solution is required to trigger the ME-gelation. We estimated the total number of Ni2+ ions released
during the induction time using Faraday’s laws and divided the obtained value by the total number
of QDs in the solution, giving an overall stoichiometry of 0.5 Ni2+: 1 QD in solution for triggering
ME-gelation. However, because the ions are generated and consumed in close proximity to the
electrode, the localized concentration of Ni2+ relative to CdS QD is expected to be much greater.

Figure 4.14 Ni wire oxidation efficiency in methanol under different electrode potentials. The

oxidation efficiency is defined as the percentage of the total charge that is used to oxidize
Ni to Ni2+. For all potentials ≤ 0.8 V, the oxidation efficiency was above 90%, indicating
the oxidation of Ni to Ni2+ is the only anodic reaction under these electrode potentials.
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Figure 4.15 Charge vs. time plots for the ME-gelation of CdS QDs using different metal electrodes
at 1.2 V. The photographs of the produced ME-gels are shown in Figure 4.14 a-c.
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Figure 4.16 PXRD patterns of ME-gels prepared using Ag and Ni electrodes. The hexagonal CdS
(PDF 00-001-0780) and cubic Ag2S (PDF 00-001-1151) PXRD patterns are shown as the
references in the stick diagram. Small changes in the intensity of the highlighted peaks may reflect
the presence of Ag2S (the peaks at 25°, 27°, and 28° that correspond to hexagonal CdS decrease
whereas the peaks at 32°, 35°, and 37° that correspond to cubic Ag2S increases relative to the Ni
counterpart).

Figure 4.17 Patterning QD gel on a PCB chip. a, As-purchased PCB chip. A ten-cent U.S.

coin is shown for size comparison (18 mm diameter). b, The PCB chip during and after
the Ni electrodeposition. c, The Ni-coated PCB chip inside the ME-gelation setup.
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The ME-gelation method is amenable to the use of other metals with low oxidation
potentials such as Co, Ag, and Zn; and other nanoparticles such as CdSe QDs, as shown in
Figure 4.12a-d. The different gel sizes in Figure 4.12a-c were caused by the different
electrodissolution rates of these metal electrodes when held at the same potential of 1.2 V (Figure
4.15). Similar gel sizes were observed when similar amounts of Ag+, Zn2+, and Co2+ ions were
electrochemically released to the QD dispersion (Table 4.2), suggesting the ME-gel growth does
not show a clear dependence on the valence of the metal ions.
Table 4.2 Comparison of the ME-gel growth after releasing similar amounts of Ag+, Zn2+ and
Co2+ ions.

The darkened hue of the ME-gel prepared using an Ag electrode is attributed to some
degree of cation exchange of CdS QDs with Ag+, which is known to be facile, to produce Ag2S.
179-180

However, it is not possible to definitively distinguish Ag2S in the PXRD patterns of the ME-

gel (Figure 4.16). This is not surprising because peak broadening associated with the small
crystallite size makes identification of minor phases challenging, the silver sulfide is likely to be
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highly defective and poorly crystalline, and there is considerable overlap between the patterns of
hexagonal CdS and cubic Ag2S.

Figure 4.18 SEM image of a CdS ME-gel grown on a Ni foil electrode surface at 0.5 V for 1 hour.

The ME-gelation method can be used to pattern QD gels directly onto a printed circuit
board (PCB) chip (Figure 4.12e and Figure 4.17). QD patterning on PCBs is an essential step in
fabricating QD-based electronic devices such as light-emitting diode displays.181-183 As shown in
Figure 4.12e, the ME-gels uniformly covered the patterned electrode and, most importantly,
remained highly emissive under ultraviolet light. The uniformity of the ME-gels was evaluated by
SEM-EDS; an ME-gel directly grown on a planar Ni electrode shows a thickness of ~ 1 μm (±10%)
and homogenous elemental distribution of Cd and S (Figure 4.18 and Figure 4.19).
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Figure 4.19 Elemental map of a CdS QD ME-gel grown on a Ni electrode. a, SEM image of the
electrode area used for elemental mapping. b, Overlay of the elemental maps of Cd (green), S
(red), and Ni (blue). c, d, and e, Elemental maps of Cd, S, and Ni.

4.4

Conclusion
We have demonstrated a new QD gelation method (ME-gelation) by electrochemically

generating metal ions to crosslink semiconductor QDs capped with ligands that have pendant
carboxylate functionalities. ME-gelation uses active working electrodes that can be oxidized below
the potential required for OE-gelation. The method is shown to be independent of electrode
material and the type of QD. Electron microscopy and ICP-MS prove that the network is made via
QD-metal ion-QD links. Further characterization of the gels revealed the formation of quantumconfined 3D porous structures that match with OE-gels. As an added advantage, ME-gels are
stable under reduction conditions due to their non-redox-active crosslinking. The gel growth can
be controlled by the electrochemical charge spent in the system. A critical charge corresponding
to a metal ion:QD ratio of 1:2 was required to stat the gelation. The versatility of the
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electrochemical assembly method in terms of nanoparticle and crosslinker identity, combined with
the ability to directly write these structures onto patterned electrodes, suggests this approach may
be amenable to rapid production of more complex, functional architectures, such as multiplexed
sensors.
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CHAPTER 5 ELECTROCHEMICAL GELATION OF QUANTUM DOTS USING NONNOBLE METAL ELECTRODES AT HIGH OXIDATION POTENTIALS
Parts of this chapter were reprinted with permission from: Hewa-Rahinduwage, C. C.; Silva, K. L.;
Brock, S. L.; Luo, L., Electrochemical gelation of quantum dots using non-noble metal electrodes
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5.1

Introduction
Scheme 5.1 illustrates two electrochemical gelation or electrogelation mechanisms for

metal chalcogenide QDs. In the first mechanism, a positive potential is applied at an inert
electrode such as Pt to drive the electrochemical removal (oxidation) of surface-bound thiolate
ligand “protecting groups” as dithiolates, exposing the metal ions on the surface of metal
chalcogenide QDs (e.g., Cd on CdS QDs). Following the solvation of these metal ions, the “core”
chalcogenides are further electrochemically oxidized to form interparticle dichalcogenide bonds
(e.g., 2S2− − 2e → S22− for CdS QDs in Scheme 5.1(i)). To initiate this oxidative electrogelation
or OE-gelation, the electrode potential (E) should be more positive than the oxidation potentials
of thiolate ligands and the core chalcogenide (EOE). The QDs in the formed electrogel (OE-gel)
are electrically wired by the dichalcogenide bonds.
In the second mechanism, a non-noble metal electrode with a relatively low oxidation
potential (EM), such as Ni, Co, Ag, and Zn, is used to in situ electrogenerate metal ion crosslinkers
(Ni2+, Co2+, Ag+ or Zn2+) within a colloidal solution of QDs capped with ligands featuring pendant
carboxylate groups, forming a metal-mediated electrogel (ME-gel). Unlike the OE-gel, the QDs in
a ME-gel are connected by redox-inactive coordinate bonds between Lewis acidic metal cationic
linkers and Lewis basic carboxylate terminals of surface-capping ligands (Scheme 5.1(ii)). To
form ME-gels, E should be set between EM and EOE (i.e., EM<E<EOE) so that only the active
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electrode dissolves to provide metal ions, whereas QDs are not oxidized to trigger the OE-gelation
mechanism.

Scheme 5.1 Electrochemical gelation of metal chalcogenide QDs under different mechanisms.
(i) Oxidative electrogelation (OE-gelation): the potential of an inert electrode (e.g., Pt) is
sufficiently positive to oxidatively remove the thiolate ligands and form dichalcogenides bonds
between QDs. (ii) Metal-mediated electrogelation (ME-gelation): an active electrode (e.g., Ni)
undergoes electrodissolution due to its low oxidation potential, releasing metal ions to crosslink
QDs with carboxylate ligands by forming coordination bonds between metal ions and
carboxylates. (iii) the focus of this study: the potential of an active electrode is positive enough to
drive both OE- and ME-gelation. E: electrode potential; EOE: the potential required for OE-gelation;
and EM: the electrode oxidation potential.
In this work, we studied a special scenario where E is positive enough to electrodissolve
the electrode itself, remove the thiolate ligands on QDs, and form dichalcogenide bonds between
QDs (i.e., E > EOE, EM in Scheme 5.1(iii)). We found, surprisingly, that the structure of electrogel
formed under this scenario depends on the electrode material. For Ni, the electrogel is dominantly
OE-gel rather than a mixture of OE-gel and ME-gel that one would expect. A mechanistic study
reveals that the ME-gelation is significantly suppressed by dithiolates, a side product from the

80
OE-gelation, which block the Ni electrode surface and terminate the electrode electrodissolution.
For Co, Ag, and Zn, the electrode surface blockage by dithiolates is less effective than Ni, making
the ME-gelation the primary gelation pathway.

5.2

Experimental Methods
QD OE-gelation using a Pt electrode
A CHI 650E potentiostat was used to apply the potentials (bulk electrolysis technique) for

the gelations. The iR drop was manually compensated before every run. The gelation mixture
was prepared by mixing 900 µL of 40 µM QD solution with 100 µL of 0.1 M TBAPF6 in methanol.
An Ag/AgCl/sat. KCl electrode was used as the reference electrode. Two Pt wires (d = 0.25 mm)
were used as the working and counter electrodes. Pt electrodes were cleaned before the gelation
by running 50 cyclic voltammograms between 1.1 and −0.23 V in a 0.1 M H2SO4 aqueous solution
at a scan rate of 0.1 V/s. Then the Pt electrodes were washed with plenty of DI water and
methanol, dried, and used for electrogelation. The counter electrode was made into a shape of a
loop to enhance its surface area. OE-gelation was carried out by applying a potential of 2 V.

QD electrogelation using Ni, Co, Zn, and Ag electrodes
Like OE-gelation using a Pt electrode, QD electrogelation using Ni, Co, Zn, and Ag
electrodes was carried out by first cleaning the electrode. These metal wires (d = 0.25 mm) were
polished with a 400-grit 3M sandpaper to remove the surface oxide layer. The wires were then
dipped in DI water and sonicated for 1 minute. Next, the wire electrodeswere washed with plenty
of DI water and methanol, dried, and used for the electrogelation by applying an electrode
potential of1 V or 2 V. The gelation mixture was also prepared by mixing 900 µL of 40 µM QD
solution with 100 µL of 0.1 M TBAPF6 in methanol. An Ag/AgCl/sat. KCl electrode was used as
the reference electrode and the Pt wire electrode as the counter electrode. Current-time traces of
these wires electrodes were collected by dipping the clean metal wires in corresponding
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electrolyte solutions. The pH of all MUA and BCD-containing electrolyte solutions was adjusted
to 10 using TMAH.

Chemical gelation of QDs
Metal-ion crosslinked QD gels and oxidatively assembled QD gels were chemically
prepared by directly adding a Ni2+ ion solution (MC-gel) or a TNM solution (OC-gel) to the QD
dispersion, respectively. For MC-gelation, 0.30 g of NiCl2·6H2O was dissolved in 25.0 mL of
absolute ethanol (final Ni2+ ion concentration is 0.05 M). To obtain a gel with CdS QD: Ni2+=1:150
ratio, 54 μL of 0.05 M Ni2+ ion solution was added to 500 μL of 36 μM CdS QD solution in a glass
vial. After mixing the content in the vial vigorously for 2 seconds, it was and kept inside a
desiccator for 24 hours in the dark to complete the gelation.
A 3% TNM solution in acetone was prepared freshly for OC-gelation. Then, 10.8 μL of
3% TNM was added to 500 μL of 36 μM CdS QD solution dispersed in methanol in a glass vial.
The final ratio of CdS QDs: TNM was 1:150. Content in the vial was mixed vigorously for 2
seconds. The vial was stored in the dark inside a desiccator for 24 hours to complete the gelation.
To test Ni2+ removal from a formed metal-mediated gel due to the oxidation, an MC-gel
was prepared as described above. After 10 minutes, 10.8 μL of 3% TNM was added to the MCgelation vial. The content in the vial was mixed vigorously for 2 seconds and kept in the dark
inside a desiccator for 24 hours. The gel with QDs: Ni2+=1:7 ratio was prepared by simultaneously
adding 10.8 μL of 3% TNM and 5.4 μL of Ni2+ solutions to a 500 μL of 36 μM CdS QD solution.

EDTA test.
An EDTA solution was prepared by mixing 0.093 g of Na2EDTA in 25 mL of DI water. The
pH of the solution was adjusted to 10 using 1 M NaOH. An aliquot of 900 μL of the above EDTA
solution (Ni2+: EDTA=~1:1) was added to a vial that contains the gel inside. The content in the vial
was mixed gently and observed for dispersibility.
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Aerogel preparation
The supernatant QD dispersion in the gelation vial was removed carefully without
completely drying the gel. The vial was then filled with acetone without breaking the gel into
pieces. Next, to wash any excess QDs and remaining methanol, the supernatant was replaced
with another new portion of acetone. The vial was stored in the dark, and the acetone washing
was continued twice a day for four days. Next, the wet gel was placed in a Tousimis Autosamdri931 critical point dryer to completely replace acetone in the sample with liquid CO2. Finally, the
sample was dried by bringing the CO2 to a supercritical state.

Inductively coupled plasma mass spectrometry (ICP-MS) analysis
Samples for ICP-MS analysis were prepared by digesting the QD gels in concentrated
HNO3 for 6 hours and diluting with a 2% HNO3 solution to get the concentration into the calibration
range of 1 ppb to 200 ppb. The Mn+/QD ratio in the gel (M = Ni, Co, Ag, and Zn, and n is the
charge of the corresponding ion) was calculated as below. First, the Cd2+ and Mn+ concentrations
obtained in ppb were converted into the number of atoms using their molecular weight and the
Avogadro number. Then, the volume of a QD was calculated using the particle radius determined
from the UV-vis peak absorbance.126 Next, the number of Cd atoms present in a QD was
calculated using the volume of a QD, CdS density (4.8 g/ cm3), and molecular weight. The number
of QDs present in the sample was found after dividing Cd2+ by Cd atoms per QD. Finally, the
number of Mn+ ions was divided by the number of QDs.
The percentage of the total current used to generate Mn+ during electrogelation (QM%)
was calculated using the following equation.

QM % =

Moles of Mn in the sample determined by ICP MS × n × F
Q

× 100%, where F is the

Faraday constant, and Q is the total charge consumed during the gelation.
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5.3 Results and Discussion
Synthesis and Characterization of CdS QD electrogels
According to our previous findings, ME-gelation of CdS QDs capped with 11mercaptoundecanoic acid (MUA) was observed at E > ~0.5 V vs. Ag/AgCl using a Ni electrode184
and the OE-gelation of these QDs required E > 1.6 V using a Pt electrode.167 Therefore, we chose
two electrode potentials of 1.0 V and 2.0 V using a Ni electrode, corresponding to the scenarios
in Scheme 5.1(ii) and (iii), to conduct a comparative study of QD electrogelation.

Figure 5.1 a, Low-magnification and b, high-magnification STEM images for CdS QDs.
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Figure 5.2 CdS QD size distribution a, before and b, after the electrogelation. The total number
of QDs in the size analysis is > 180.

Figure 5.1 and Figure 5.2a show the STEM images and the size distribution of nearly
monodisperse CdS QD solution (QD diameter = 2.9 ± 0.4 nm) used for this study. Figure 5.3a
shows the formation of QD ME-gel on a Ni wire electrode at E = 1 V in CdS QD solution. A thin
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layer of gel started appearing on the electrode surface after applying the electrode potential for
10 min and grew thicker with time. The initial induction time for gelation is because a critical
stoichiometry of 0.5 metal ions: 1 QD in solution is required to initiate ME-gelation.184 Under highmagnification scanning transmission electron microscope (STEM), ~1-2 nm gaps between CdS
QDs are noticeable in the three-dimensional mesoporous gel network, characteristic of ME-gels
due to the presence of ligand-Ni2+-ligand linkage between QDs (Figure 5.3b). The coordination
bonds between the MUA ligand and Ni2+ were confirmed by the dispersion of the 1 V gel after
adding ethylenediaminetetraacetic acid (EDTA), which competes with carboxylate-terminated
thiolate ligands for binding with Ni2+ and disrupts the gel network (Figure 5.4).

Figure 5.3 Electrogelation of MUA-capped CdS QDs using a Ni electrode at E = 1 V and 2 V
Ag/AgCl/sat. KCl reference electrode. a, b photographs and STEM images of a QD gel grown at
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1 V. c, d photographs and STEM images of the QD gel grown at 2 V. The yellow dashed lines in
the high-magnification STEM images highlight the boundaries of individual QDs in the gel.
When E was increased to 2 V, the QD gel appeared on the Ni electrode within a couple of
mins. The gel rapidly grew in the first 10 min, but its growth slowed down afterward (Figure 5.3c).
As shown in the high-resolution STEM images (Figure 5.3d), the QDs in the 2 V gel are directly
connected without the obvious gaps found in the 1 V gel. We also tested the stability of the 2 V
gel in an EDTA solution and found that it did not disperse in an EDTA solution (Figure 5.4). For
the comparison, chemically prepared gels by adding Ni2+ and TNM were also mixed with EDTA
under similar conditions. The gel made by Ni2+ addition dispersed in EDTA while TNM gel
remained without a change.

Therefore, both microscopic structures and EDTA test results

suggest the 2 V gel structurally resembles an OE-gel where QDs are crosslinked via short
interparticle covalent dichalcogenide bonds. The low Ni2+/QD ratio of merely 8 in the 2 V gel,
significantly lower than the 150 for 1 V gel, further confirms this conclusion (Figure 5.5a).
We also characterized the crystallinity of electrochemically prepared CdS aerogels using
powder X-ray diffraction (PXRD). Both 1 V and 2 V gels exhibited the characteristic peaks of
hexagonal CdS (PDF 00-001-0780, Figure 5.5b). In addition, their PXRD peak widths were
similar, suggesting the average crystallite size does not significantly differ under different
electrode potentials, consistent with the electron microscopic result that the QD building blocks in
both gels are ~3 nm in diameter (Figure 5.2b). The surface area of the gels was analyzed by
nitrogen physisorption, which produced a type-IV isotherm, characteristic of a mesoporous
material (Figure 5.5c). The 1 V and 2 V gels exhibit a surface area of 200 m2 /g and 142 m2/g,
respectively, based on the Brunauer−Emmett−Teller model.185 The bandgap values of the
electrogel and chemgel were measured by diffuse reflectance spectroscopy (Figure 5.5d). The
absorption onsets for 1 V and 2 V gels are nearly identical: 2.53 and 2.55 eV, despite their different
types of connection between QD building blocks.
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Figure 5.4 EDTA solubility of gels. ME-gel prepared at 1V, ME-gel prepared at 2V, chemical gel
prepared by adding Ni2+ and chemical gel prepared by adding TNM before (top) and after (bottom)
adding EDTA.
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Figure 5.5 Compositional and structural characterization of QD electrogels synthesized at 1 V
and 2 V. a Ni2+/QD ratio in the gels. b Powder X-ray diffraction (PXRD) patterns. The stick diagram
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shows the PXRD pattern of hexagonal CdS (wurtzite) as a reference. c Nitrogen adsorptiondesorption isotherms. d Solid-state diffuse reflectance data (converted to absorption).

Electrogelation Mechanism
The OE-gelation of QDs was supposed to take place at 2 V. However, the ultralow Ni
content (Ni2+/QD ratio = 8) in the 2 V gel was unexpected because electrooxidation of Ni to Ni2+
was supposed to be substantial at 2 V. Figure 5.6a shows the average current values (iaverage) for
Ni electrooxidation in the absence of QDs (green bar) is comparable to that for QD electrogelation
at 2 V with a Pt or Ni wire electrode (red and orange bars).
We first investigated the hypothesis that oxidative removal of the MUA/Ni2+/MUA linkers
from the 2 V gel causes the low Ni content. To test this hypothesis, we prepared a metal-mediated
gel with a similar Ni2+/QD ratio as the 1 V gel by mixing Ni2+ and QDs at a molar ratio of 150: 1
(green bar, Figure 5.6b), then added 150 equivalents of tetranitromethane (TNM), a commonly
used oxidant for chemically induced oxidative QD gelation. We found that the Ni2+/QD ratio in the
gel decreased from 164 to 128(orange bar, Figure 5.6b), suggesting that the oxidative removal
of the MUA/Ni2+/MUA linkers is possible but not substantial. To reproduce the ultralow Ni2+/QD
ratio in the 2 V gel by chemical means, decreasing the equivalent of Ni2+ relative to the oxidant
was found to be the only viable approach; for example, a mixture of 15 Ni2+: 150 TNM: 1 QD
produced a Ni2+/QD ratio of 7 (red bar, Figure 5.6b). This finding suggests the low Ni content in
the 2 V gel is due to the limited Ni2+ supply at 2 V.
We further tested the proposed explanation that Ni oxidation was suppressed during 2 V
electrogelation by analyzing the total released Ni2+ during QD gelation. We found that only ~6%
of the total current (i.e., 0.01 mA) was used to generate Ni2+ at 2 V, whereas nearly all the current
(0.15 mA out of 0.17 mA) was used for Ni oxidation at 1 V (the green portion in the two-color bars
in Figure 5.6a represents the specific current for Ni oxidation). Note that the specific current for
Ni oxidation at 2 V is only ~6% of that at 1 V, confirming Ni electrooxidation to Ni2+ was drastically
suppressed at 2 V relative to 1 V.
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Figure 5.6 Electrogelation mechanism study. a, The average current (iaverage) for Ni oxidation in
the absence of QDs at 2 V (green bar), QD electrogelation using a Pt electrode at 2 V (red bar),
and QD electrogelation using a Ni electrode at 2 V (orange/green two-color bar) and 1 V
(gray/green two-color bar). The green portion of the two-color bars represents the specific current
for Ni oxidation obtained by analyzing the total released Ni2+ amount during electrogelation. b The
Ni2+/QD ratio in the QD gels prepared by mixing Ni2+ and QDs at a molar ratio of 150: 1 (green
bar), and with additional 150 equivalents of chemical oxidant, tetranitromethane (TNM, orange
bar), and with reduced equivalents of Ni2+ i.e.,15Ni2+:150TNM:1 QD, red bar). c, d Two
hypotheses that explain the suppressed Ni2+ release during QD electrogelation at 2 V.
To elucidate the mechanism behind the suppressed Ni2+ release during QD electrogelation
at 2 V, we tested the following two hypotheses, as illustrated in Figure 5.6c and d.
Hypothesis 1: The formation of QD gel around the Ni electrode during QD gelation partially blocks
the ion transport from the bulk solution to the electrode surface, thereby raising the solution
resistance (i.e., IR drop) and reducing the effective electrode potential for Ni oxidation to Ni2+.
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Hypothesis 2: During OE-gelation, the MUA capping agents on the QDs are oxidized to bis(10carboxydecyl) disulfides (BCD), which are then spontaneously attached to the Ni electrode
surface as thiols and sulfur and inhibit the Ni oxidation.
To test Hypothesis 1, we monitored the solution resistance (R) during electrogelation at 2
V. R was expected to gradually increase as the gel grew thicker over time if this hypothesis is
true. However, the value of R stayed relatively constant at ~400 Ω during electrogelation (Figure
5.7a), rejecting Hypothesis 1. In addition, we measured the percentage of the total current used
to generate Ni2+during electrogelation (QNi%), which should decrease with time as well, according
to Hypothesis 1. However, QNi% did not show the predicted decrease and stayed below ~10%
(Figure 5.7b), further confirming that the QD-gel-induced iR drop is not the cause of the
suppressed Ni2+ release at 2 V.
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Figure 5.7 Testing gelation mechanism hypothesis. a Solution resistance (R) as a function of the
electrogelation time (t) at 2 V. b Percentage charge used for Ni oxidation to Ni2+ during
electrogelation (QNi%) at 2 V after 5 to 30 mins. c i-t traces for OE-gelation of CdS QDs at 2 V
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at 2 V (red line), QD electrogelation using Ni at 2 V (purple line), and Ni oxidation in a 5 mM BCD
solution and 10 mM MUA solution at 2V (green and orange lines). d XPS spectra of Ni electrodes
used for QD electrogelation, oxidation in BCD and MUA solutions at 2 V.

To test hypothesis 2, we first evaluated the inhibition effect of BCD on Ni electrooxidation.
Specifically, we performed Ni electrooxidation in a QD-free solution but containing 5 mM BCD.
The concentration of 5 mM was estimated from the experimentally measured CdS QD
concentration of 36 μM and the theoretical maximum MUA coverage on a 3.5-nm-diameter CdS
QD of ~270 MUA assuming the MUA/surface Cd ratio = 1, yielding an equivalent MUA
concentration of ~10 mM or BCD concentration of 5 mM. Figure 5.7c shows the current during
the Ni electrooxidation in the presence of BCD (green line) decreased rapidly after ~5 min and
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was nearly completely turned off in 10 min. A higher BCD concentration further accelerated the
inhibition process (Figure 5.8). Similar inhibition was also observed when 10 mM MUA was
present, which is not surprising because MUA can be in situ oxidized to BCD, except that it took
~20 min to shut down the current (orange line, Figure 5.7c). In comparison, the current during Ni
electrooxidation in the absence of BCD or MUA (pink line) and the current during OE-gelation
(grey line) only show a mild and gradual decrease, indicating that BCD is responsible for the
suppressed Ni oxidation at 2 V.

Figure 5.8 Current-time traces for Ni wire electrooxidation in 5 mM BCD (black), 12.5 mM BCD
(blue), and 10 mM MUA (red) at 2 V.
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Figure 5.9 S 2p XPS peak area percentages for S, thiol, and oxidized S in QDs, BCD, and MUA
solutions.

Table 5.1 S 2p XPS peak fitting results.
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We then analyzed the surface species on the Ni electrodes after performing
electrooxidation at 2 V in a QD solution, a BCD solution, and an MUA solution for 30 min, using
X-ray photoelectron spectroscopy (XPS). Figure 5.7d and Table 5.1 show the XPS spectra and
their corresponding fitting results. Three S species were identified in all samples: atomic S at ~162
eV, thiolate (R-S) at ~163 eV, and oxidized S (S-O) at 168 eV.186-188 The relative ratios of these S
species varied by the electrooxidation condition. Prior studies on the adsorption of thiols and
disulfides on a Ni surface from the gas phase have shown that the S-S bond in disulfides and the
sulfhydryl (S-H) bond in thiols break below room temperature, forming a self-assembled thiolate
(R-S-) monolayer.186, 189-192 Similar self-assembly of thiols and disulfides also occurs on Ni surface
from solution.193 The C-S bonds in the surface bonded thiolates can undergo spontaneous
scission to form atomic S and release hydrocarbon at room temperature. Ni surface promotes the
C-S bond scission because its d-band is populated near the Fermi level, meaning a significant
electron density transfer from the Ni d-band to the antibonding molecular orbitals of thiolate
molecules that weakens the S–C bond, resulting in its elongation and final breakage.194 After S
formation, the center of the d-band of Ni is lowered in energy with respect to the clean
surface, i.e., the surface is “passivated,” allowing adsorption of intact thiolates.194 Meanwhile,
under the electrooxidation conditions, thiolates can also be transformed into sulfinates (SO2-, XPS
binding energy = 165.5 eV) and sulfonates (SO3-, XPS binding energy = 168 eV) possibly via the
chemical reaction between electrogenerated nickel oxides and thiolates.193 All the chemical and
electrochemical processes discussed above led to the formation of an electrically insulating layer
of atomic S, R-S, and S-O species on the Ni electrode surface, inhibiting the Ni electrodissolution
and suppressing the ME-gelation pathway. However, OE-gelation was not significantly affected
by these processes because the OE-gel itself can serve as the electrode to support the continued
growth of OE-gel. As a result, the 2 V gel structurally resembles a OE-gel, even though Ni can be
oxidized to release Ni2+ at 2 V.
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Figure 5.10 Electrogelation of CdS QDs using Co, Ag, and Zn electrodes. a-f Photographs and
STEM micrographs of the gels produced using Co, Ag, and Zn electrodes at 1 V and 2 V after 6
min gelation time. g, Metal ions to QD ratios in the gels (M n+/QD, purple) and the percentage of
charge used for generating metal ions during electrogelation (QM%, red) using Co, Ag, and Zn
electrodes at 1 V or 2 V. h, i-t traces for electrooxidation of Co (purple), Ag (green), Zn (blue), and
Ni (red) electrodes in a 10 mM MUA solution at 2 V.

Electrogelation Using Other Non-Noble Metal Electrodes
Besides Ni, thiolates are also known to self-assemble on the surface of other non-noble
metals such as Co, Ag, and Zn.195-197 Like Ni, Co, Ag, and Zn can be conveniently converted to
their ionic forms under mild oxidation potentials (<1 V vs Ag/AgCl), so we carried out QD
electrogelation using these metals as the electrode material for comparison. QD gel formation
was observed using these electrodes at both 1 V and 2 V (Figure 5.10a-f). The darkened hue of
the gel prepared using an Ag electrode is attributed to some degree of cation exchange of CdS
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QDs with Ag+, which is known to be facile, to produce Ag2S.180, 198 However, different from the Ni
case, the connectivity between QDs in these 1 V and 2 V gels did not show any apparent
differences according to their TEM images. Noticeable gaps exist between QDs in all samples,
suggesting the presence of ligand-metal ion-ligand linkage. The analysis of metal content in these
gels confirmed this idea. Figure 5.10g shows the metal ion/QD ratios (Mn+/QD, purple bars) are
comparable for gels prepared at 1 V and 2 V using a Co, Ag, or Zn electrode (Co: 64 vs 81; Zn:
155 vs 200; and Ag: 191 vs 263, respectively). In addition, the QM% values for all three electrodes
at 2 V are close to 90% or above. Both results indicate that the ME-gelation remains the primary
gelation pathway even at 2 V for Co, Ag, and Zn electrodes, in direct contradiction to the above
Ni results.
As previously discussed, the adsorption and reaction of BCD electrogenerated by OEgelation on the Ni electrode inhibits Ni2+ release, shutting down the ME-gelation pathway. To
assess the inhibition effect of BCD on the Co, Ag, and Zn electrodes, we conducted the same
electrooxidation experiment in an MUA solution at 2 V for 30 min as in Figure 5.7c. Although Co,
Ag, and Zn electrodes all exhibited a current drop, their current levels stayed around ~0.1−0.3
mA, rather than diminishing to ~1 μA as Ni (Figure 5.10h), suggesting the sulfur species only
partially blocked the Co, Ag, and Zn surfaces. The difference in inhibition effect among Co, Ag,
Zn, and Ni is likely caused by the higher activity of Ni than the other three metals in promoting CS bond scission of the adsorbed thiolates at room temperature,190, 194, 197, 199 producing a dense
insulating layer.

5.4

Conclusion
We have studied the electrochemical gelation of QDs using non-noble metal electrodes

including Ni, Co, Ag, and Zn at high oxidation potentials. We found that the electrogelation
mechanism shifted from ME-gelation at 1 V to OE-gelation at 2 V when a Ni electrode was used.
The mechanism switch is caused by the inhibition effect of BCD, a product from OE-gelation, on
the electrodissolution of Ni to Ni2+ at 2 V, which turned off the ME-gelation pathway due to the
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limited availability of the Ni2+ crosslinkers. However, for Co, Ag, and Zn electrodes, ME-gelation
remains the dominant gelation pathway at 2 V because the electrogenerated BCD cannot inhibit
the electrooxidation of these electrodes as effectively as Ni, possibly due to their low activity in
promoting C-S bond breakage of the adsorbed thiolates at room temperature.
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CHAPTER 6 CONCLUSION AND FUTURE WORK
6.1

Conclusion
To conclude, we have developed an electrooxidative QD assembly method (the OE-

gelation) in Aim 1. OE-gelation is a facile method to synthesize QD gels within minutes and is
amendable to various metal chalcogenide QDs. OE-gels have an extremely high surface area
(200 m2/ g) and a mesoporous 3D network structure. QDs in the gel are fractally connected while
maintaining their crystallinity. The OE-gel monoliths preserve QD bandgap values. The OEgelation mechanism involves two oxidation steps. First, some surface ligands are oxidatively
removed, and the exposed metal ions are dissolved in the solvent. Second, the disulfide bonds
were oxidatively made to connect QDs. The results from electrochemical and spectroscopic
studies have confirmed the mechanism. The potentials that correspond to the two oxidations were
found to be 0.8 V and 1.2 V, respectively. In the OE-gels, QDs are directly connected by disulfide
bonds and exposed to the ambient due to the 3D open structure. These two structural features
provide effective charge transfer between QDs and large target-receptor surface area, making
OE-gels excellent materials for sensing and catalysis applications. QD gel-based NO2 gas
sensors were fabricated from thioglycolate-capped CdS QD following a single-step procedure and
tested for different concentrations of NO2 in a home-built gas sensor test apparatus. CdS OE-gel
sensors exhibited superior NO2 sensing performance with a limit of detection of 11 ppb, response
and recovery time of < 30 s, and high selectivity for NO2. Partially oxidized, S exposed QD surface
in OE-gels was found to further enhance the NO2 sensing performance according to the DFT
calculations.
The OE-gels we developed in Aim 1 have two limitations: instability in reducing conditions
and difficulty in controlling the shape. Aim 2 developed a second pathway for QD electrogelation,
which overcame the above two limitations. A metal electrode was oxidized in a QD dispersion to
release metal ions which form complexes with carboxylate capping groups of QDs. The gel growth
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was controlled by the amount of charge applied to the system electrochemically. Prepared gels
demonstrated similar structural and optical properties as OE-gels. Ag electrodes used in MEgelation showed a facile cation exchange during the gelation, which, we think, can be an exciting
research pathway for future workers to investigate QD conversion during gelation. Any conductive
surface can be converted into a ME-gelation electrode by the electrochemical release of
crosslinking metal ions, which was demonstrated to be useful to pattern QD assemblies on
different shapes of printed circuits. Due to the redox-inactive nature of bonding between QDs in
the ME-gels, the material was stable under reducing conditions. Aim 3 was accomplished by
detailed characterization of OE- and ME-gels. Electrochemical data was used to shed light on
underlying mechanisms. Applications of the two gelation methods were demonstrated as NO2
sensing and QD patterning.
In Aim 4, a unique system in which both ME- and OE-gelations were active was studied.
We found ME-gelation was not as effective at high potentials (e.g., 2 V) as at low potentials (e.g.,1
V) when using a Ni electrode. This phenomenon was not observed for other active electrodes
such as Co, Ag, and Zn. This material-specific electrogelation behavior was understood by
surface characterization and electrochemistry. We found that disulfides formed by oxidizing QD
surface ligands during OE-gelation blocked the electrode surface and limited the
electrodissolution of Ni electrodes. As a result, the formed gel was predominantly OE-gel.

6.2 Future Work
In this thesis work, we have successfully developed two QD electrogelation methods,
characterized the gels to understand their properties, explained their mechanisms clearly, and
demonstrated their applications in gas sensing and QD pattering. Furthermore, the discovered
concepts can be extended into future research avenues as listed below:
All systems we studied in Chapters 3, 4, and 5 contained a single QD component (CdS,
CdSe, or ZnS). Multicomponent QD assemblies are essential in applications such as solar cells
and QD LEDs.200-201 OE-gelation would be a helpful tool to make multicomponent QD assemblies.
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Preliminary tests have been carried out to test this idea. An equimolar mixture (40 µM each) of
TGA-capped CdS and CdSe QDs was prepared by mixing the corresponding QDs. OE-gelation
was carried out using a Pt electrode at 1.8 V for 30 minutes in the QD dispersion after mixing with
the TBAPF6 electrolyte.
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c

10 nm

50 nm

e

d
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f
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Figure 6.1 Formation of multicomponent QD OE-gels. a, Low-magnification and b-c, highmagnification STEM images of the multicomponent OE-gel. d, HAADF-STEM image of the
multicomponent gel. e, EDS elemental mapping data for S and Se. f, EDS elemental mapping
data for Cd.

Figure 6.1a shows a low-magnification STEM image of the multicomponent OE-gel that
confirms the formation of a mesoporous 3-D architecture during the gelation. Figure 6.1b and c
show the connectivity of QDs while preserving the individual particle boundaries. Structurally
multicomponent OE-gel is similar to the single component OE-gels in Chapter 3. The HAADFSTEM image and EDS elemental maps of a selected region of the gel (Figure 6.1d-f) show that
both CdS and CdSe building blocks are present.
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a

b

c

d

e

Figure 6.2 Suggested assays to achieve through multicomponent gelation. a-b, selective
component gelation. c, layer-by-layer gelation. d, localized gelation

The next step is to gain further control over the gelation process to prepare
multicomponent gels with complex architectures, such as gels with different compositions (Figure
6.2a and b), layer-by-layer QD structure (Figure 6.2c), or localized features (Figure 6.2d). As
shown in Chapter 3, the gelation potential varies for different QD types with a similar capping
agent (CdS-TGA vs. CdSe-TGA, Figure 3.8) and the similar QD type but with different capping
agents (CdS-TGA vs. CdSe-MUA, Figure 3.1 and Figure 3.3). Therefore, it should be feasible to
achieve selective gelation and layer-by-layer gelation by leveraging these electrogelation
behaviors. In addition, ME-gelation using different metal electrodes (Figure 4.12) should provide
a pathway to achieve localized gelation in a multicomponent gel.
Besides multicomponent electrogelation, the observed cation exchange during the MEgelation may require a careful fundamental study to explore its potential in expanding the scope
of electrogelation. QD electrogelation knowledge developed in this project has been employed in
making advanced gas sensors and commercial-level sensing devices.202 We are also
investigating the performance of electrogels in photocatalysis applications, which will be reported
in future publications.
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Quantum dots (QDs) are attractive because of their unique size-dependent optical and
electronic properties and high surface area. They are tested in research for diverse applications,
including energy conversion, catalysis, and sensing.1-4 Assembling QDs into functional solid-state
devices while preserving their attractive properties is a challenge. Methods currently under the
research are not effective in directly fabricating QDs onto devices, making large area assemblies,
maintaining the high surface area by forming 3D porous structures, and conducting electricity for
applications such as sensing.5-8 QD gels are an example of QD assemblies that consist of a 3D
porous interconnected QD network. They are ideal candidates for gas sensing due to two main
reasons. First, their extremely high surface area and the accessibility through porous openings
provide a large number of interactions per unit volume of the material. Second, the partial removal
of surface ligands during the gelation increases the active sites and, therefore, the number of
signals generated compared to QDs covered by ligands. Preparation of QD gels was
conventionally carried out by directly adding oxidizing agents to a stable QD dispersion.9
Dimensions and shapes of chemical gels are defined by a mold, so it does not allow the flexibility
to introduce fine detail to the QD gel form. Using chemical gels in applications such as sensing or
catalysis often requires a gel deposition on an electrode by following a technique such as dropcasting. This dissertation aims to develop and understand the electrochemical techniques to
assemble QDs into porous networks. QD assemblies are prepared using two new methods:
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oxidative electrochemical gelation (OE-gelation) and metal-mediated electrogelation (MEgelation). Material properties, mechanisms, and applications of the two gelation techniques are
studied in detail.
OE-gelation is the first use of electrochemical techniques for QD gel synthesis. This
technique offers the ability to produce QD gels within minutes and tunable gelation by selecting
different electrochemical parameters. The kinetics and thermodynamics studies have revealed
that the electrogelation of metal chalcogenide QDs proceeds via a two-step mechanism: the
electrochemical removal of the organic capping agents followed by the oxidative dichalcogenide
bonds formation. More interestingly, we have found that the gelation process is reversible by
applying a negative potential to reduce the dichalcogenide bonds that connect the QD in the gel
network. The facile electrogelation of QDs significantly simplifies the preparation of gel-based
sensors. We demonstrated the one-step fabrication of CdS xerogel sensors for NO2 gas sensing.
The resulting CdS xerogel sensors exhibit an outstanding performance toward NO2 gas sensing
at room temperature.
While the OE-gelation technique offers unique advantages for applications such as gas
sensing, OE-gels are unstable in reducing conditions as their disulfide bonds can go back to
sulfide form. Therefore, electrochemistry was used to control the in-situ generation of metal ions,
making QD ME-gels via metal-ligand bonding. ME-gelation was demonstrated using Co, Zn, and
Cu electrodes. TEM images and inductively coupled plasma mass spectrometer (ICP-MS)
analysis revealed that QDs in a ME-gel are connected via QD-metal ion-QD bonding. Gel growth
was controlled by the charge employed in the oxidation of metal electrodes. The optical and
physical properties of the formed gels were characterized, which confirmed the formation of
quantum confined macroscale 3-D architectures of QDs. The use of the ME-gelation method in
fast QD pattering was demonstrated using printed circuit board electrodes.
Finally, a competition between ME- and OE-gelations was studied to understand the
interplay of the two electrogelation methods. Elemental compositions and the microscopic
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connectivity in produced gels suggested the OE-gelation dominates the QD assembly. A
byproduct formed during the OE-gelation blocked the electrode surface from further producing
ME-gels.
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